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The Impact of Rumen Function on Neutral Detergent Fibre Degradation 






The objective of this research was to investigate the effect of diurnal variation in rumen 
environment on fibre disappearance in lactating, grazing dairy cows in a typical South Island 
dairy production system. This was achieved in three experimental activities of in vivo, in sacco 
and in vitro methodologies. For the in vivo study the characterisation of rumen environment by 
two hourly sampling and rumen evacuations with and without fasting periods between rumen 
emptyings was carried out. Lactating, ruminally fistulated dairy cows resident in a typical, 
commercial, South Island herd grazing 2.5-3.0% of their LWT daily of high quality ryegrass 
via a single 1700h allocation were used. A clear pattern was observed in all seasons where low 
rumen pH and high concentration of rumen metabolites were detected approximately 8h after 
the initiation of new grazing each day. Furthermore, a clear difference in rumen environment 
(pH, VFA mmol/L, and NH3-N mg/L) was found between fasted and grazing cows in the period 
between two successive rumen evacuations. Generally, rumen fill (fresh weight) at 0100h 
(120±15kg) was significantly higher than in the morning (0900h; 84±6.7kg) and afternoon 
(1700h; 89±7.2kg) in each season. However, rumen NDF pool was only significantly different 
between any times in spring (P < 0.05) and autumn (P < 0.001). The in vivo fibre degradation 
was estimated by two successive rumen evacuations (0100 – 0900h) in grazing cows, as in this 
period intake was limited, rumen pH was low, and concentration of rumen fermentation end 
products and other metabolites high. In autumn, apparent NDF and pdNDF disappearances were 
higher than in summer. But no differences in these were found between spring and autumn 
despite the lower rumen pH found in spring (5.5 vs. 5.9) and the differences in NDF content of 
pasture. Additionally, NDF fractional disapperance rate between 0100 and 0900h was highest 
in autumn (11.5%/h), followed by spring (5.3%/h) and then summer (2.7%/h). Using the in 
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sacco technique the effect of diurnal rumen variation on fibre disappearance was investigated 
by incubation of high quality ryegrass (cultivar Bealey) used as frozen minced grass (MG) and 
fresh chopped grass (FG), with low quality ryegrass hay (H) as a control. Nylon bags 
incubations were undertaken in two periods of 6h each (from 2000h to 0200h (PM) and from 
0800h to 1400h (AM)) where the rumen environment had previously been identified to present 
a diurnal variation. Frozen MG and H dry matter disappearance in the AM period was higher 
than in the PM period (P = 0.05 and P < 0.001, respectively). Additionally, MG and H NDF 
disappearance in the AM period were also higher than in the PM period (P < 0.05 and P < 
0.001, respectively). In contrast, DM disappearance of FG cut to a different mass levels 
(residuals of 1800kgDM/ha for FGpm and residuals of 1450kgDM/ha for FGam) was higher in 
the PM period (45 vs. 36%). However, no effect of incubation period was found in NDF 
disappearance after 6h incubation. Further, the impact of K concentration with high and low 
rumen pH on in vitro NDF degradation was measured to test if high K concentration (via 
artificial saliva buffer infusion) could reduce the effect of low rumen pH on fibre degradation. 
High K concentration did not increase either DM or NDF in vitro disappearance 6h post feeding. 
In contrast, DM and NDF concentration at high rumen pH were 0.6 and 6.7% lower at that time 
than at low rumen pH (P < 0.05 and P < 0.01, respectively). This research has shown that in 
vivo rumen pool fibre disappearance of ryegrass in typical grazing cows was not significantly 
affected by the diurnal variation of rumen environment, although a trend toward reduced DM 
and NDF degradation was observed. Fibre disappearance was significantly increased when 
rumen pH was higher and concentration of rumen metabolites lower, when three different feeds 
were incubated in sacco in two different rumen environments within the diurnal cycle. In in 
vitro conditions high K concentration did not reduce the effect of low rumen pH on fibre 
disappearance. Therefore, the typical rumen environment at different diurnal periods in the 
grazing system of the South Island does appear to impact fibre degradation rates. However, in 
this type of system, the diminutive overall impact on fibre degradation, confirmed by the 
consistently high DMI achieved and consequent milk yields suggests there is an effective, 
dynamic adaptation to the diurnal variation of rumen environment that minimises the overall 
impact in functional biological terms. 
Keywords: NDF, fibre disappearance, rumen pH, rumen ammonia, volatile fatty acids, pasture 
system, dairy cows, diurnal pattern, rumen evacuation, in vivo, in sacco, in vitro, fermenters, 
rumen fill, degradation, clearance. 
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consuming pasture has been reported up to 4.0% of body weight (BW) (Holmes, 1987). 
Internationally, other authors suggested that high producing dairy cows fed pasture only diets 
could reach a total DMI of 3.25% of BW (Bargo et al., 2003; Taweel, 2006). Furthermore, 
Kolver and Muller (1998) observed that the low DMI of pasture was the main factor limiting 
milk production from high-producing cows under grazing conditions. Intake was restricted 
principally because of low DM content and the generally higher fibre content on grass compared 
with TMR, which encourages large rumen volumes since degradation is slow (Wilson & 
Kennedy, 1996). 
Several excellent reviews and studies of intake regulation (Balch & Campling, 1962; Forbes, 
2007b; Gregorini, Gunter, Beck, et al., 2008; Mertens, 1994) have been published to elucidate 
the hypothesis and theories around DMI control. In general terms DMI is regulated by long-
term and short-term mechanisms. The long-term mechanisms adjust the supply relative to the 
demand for nutrients within criteria which determine productivity and survival. Short-term 
mechanisms such as bite mass, pasture allowance (Stockdale, 1985), environmental stimuli 
(sunrise and sunset) and brain monitoring of absorbed nutrients, within a meal and within a day 
(Sheahan, 2013), and some other physical (Boudon et al., 2009) and physiological factors (Illius 
& Jessop, 1996) can also regulate feeding activity and rumination. 
However, from the point of view of this thesis, the digestion rate of the digestible fraction and 
the transit rate of the undigested and indigestible material are the most important factors that 
determine the daily intake. Rumen capacity is related to the fractional disappearance rate (kcl) 
of material from the rumen and this is the summation of rates of degradation (kd) and passage 
(kp) to the lower digestive tract. Thus, as the rumen volume decreases, the animal will eat 
additional DM. 
Furthermore, the intake and variation in forage digestibility in ruminants are the results of the 
concentration and digestibility of NDF (Bayat et al., 2007), since fibre is the least digestible 
component in feeds, with the greatest RT. 
There are several studies that have studied grazing behaviour of the animals (Abrahamse et al., 
2008; Bryant et al., 2012; Gregorini et al., 2009) and the relationship between feeding frequency 
and DMI (Abrahamse et al., 2009; Gregorini, Eirin, et al., 2006), or rumen digestion (Taweel, 
Tas, Smit, Elgersma, et al., 2006), and the effect of fermentation end products on rumen 
digestion (Basalan et al., 2002; de Veth & Kolver, 1999; Williams et al., 2005). Nevertheless, 
those studies were focused in herbage mass, or they aimed to describe the extent of rumen 
digestion and the effect of different rumen metabolites on digestion mainly in in vitro systems. 
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Furthermore, the NDF concentration of those forages were higher than the NDF concentration 
seen in NZ, South Island pastures (average 48% vs 37% NDF). Consequently, there is a little 
information about fibre digestion of high quality grass, effects of the diurnal rumen environment 
variation on either fibre digestion or fibre degradation, and the diurnal rumen fill pattern. 
For this reason, this study sought to increase the understanding of the factors that are involved 
in the process of in vivo fibre digestion/degradation. The specific objectives of the study were: 
 Characterise the diurnal rumen pattern of rumen pH and fermentation end products and 
metabolites in relation to the NDF rumen pool for all the production season in high 
producing dairy cows grazing high quality pastures. With this, determine the associated 
effects of rumen pH, the broader metabolic environment, and the diurnal variations in 
in vivo NDF degradation in each season (Chapter 3). 
 Determine the effect of two different in vivo rumen environments from two sub-diurnal 
periods in a typical South Island grazing dairy cow on in sacco fibre degradation of high 
quality perennial ryegrass (Chapter 4). 
 Determine the effect of altered pH and K concentration in the strictly controlled 




The rumen and the other compartments are the site of 60 to 90% of the total organic matter 
(OM) digestion depending on the type of feed and the DMI (Waghorn & Barry, 1987). Animals 
with high intake or consuming finely ground or pelleted diets will digest less OM in the rumen 
and pass more undigested OM to the lower digestive tract (Mertens, 1993; Mertens & Ely, 
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Figure 2.1. Digestive system in ruminants, right view; picture source: Bowen (2003). 
 
The lower digestive tract is constituted by the small and large intestine. The small intestine is 
subdivided in three sections: duodenum, jejunum and ileum; and the large intestine is 
subdivided in the caecum, colon, transverse colon, sigmoid colon, rectum and anus. 
In the small intestine specific undigested nutrients are degraded, to small blocks by enzymatic 
activity. Carbohydrates are broken down to simple sugars, proteins to amino acids, fats into 
fatty acids, and nucleic acids to nucleotides. Digestive enzymes, mainly from the pancreas and 
liver, are secreted through ducts to the duodenum. These enzymes plus the bicarbonate from 
the pancreas, help to digest fats (liver enzymes) and neutralize the digesta pH that enters the 
duodenum, since an acidic pH inactivates many of the duodenum’s digestive enzymes. The 
jejunum region increases the surface area of the small intestine though surface projections 
called villi “finger –like”, in order to improve the absorption of carbohydrates and proteins. In 
the ileum region the absorption of vitamin B12, bile salts and any digested nutrients that were 
not absorbed in the jejunum takes place. 
The large intestine includes the initial blind sac, the caecum, which serves as a storage organ 
that permits bacteria and other microbes time to further digest cellulose. The colon section distal 
to this is involved in the active transport of sodium and absorption of water by osmosis, and 
supports a microbiota. These bacteria produce important vitamins, such K, B1, and B2, required 
for the appropriate growth and health of the animal. The last region of the large intestine 
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eliminates undigested and unabsorbed food as well as other body wastes in the form of faeces 
(Hofmann, 1988; Van Soest, 1983b). 
2.1.2 Motility 
The reticulorumen movements are the result of a complex and highly organized system that 
function to: stir and mix microbes and the new ingested food with that already in the rumen; 
regurgitate and remove gas; and move fluid and digested/ undigested feed components to 
absorptive surfaces and into the omasum. 
Two types of movement have been described, peristaltic and antiperistaltic; they are also known 
as primary and secondary. The primary or mixing cycle starts with a reticular contraction and 
is followed by a contraction running caudally across the rumen. This cycle helps to circulate 
the ingesta. The secondary contraction or belching cycle, starts with a contraction of the caudal 
ventral sac of the rumen and is followed by a contraction running cranially across the rumen, 
and helps to remove the rumen gas (Wyburn, 1980). Motility is influenced by a great many 
dietary and rumen environment factors, including DM, osmolarity, metabolite concentration, 
rumen fill, physiological state, and intake (Forbes & Barrio, 1992). 
2.1.3 Microorganisms 
The rumen microbial population is composed of bacteria, protozoa and fungi that can degrade 
different sources of nutrients in the absence of oxygen. A variety of factors, such as type of 
feed, season, diurnal cycle of food intake and rumination, can affect the numbers and kind of 
rumen microorganisms at a given time. The two major classes of rumen microorganisms are 
bacteria and protozoa. Bacteria biomass is the largest in number, and can range between 1010 – 
1011 cells per millilitre (ml) of rumen contents, followed by protozoa that are around 106 
cells/ml of rumen contents (Russell & Hespell, 1981). Fungi are approximately 8% of the 
microbial biomass in the rumen (Orpin & Joblin, 1997). 
The most important rumen microorganisms in pasture systems are those that are able to digest 
cellulose, since cellulose is the most abundant component in the plant (Weimer, 1996). 
Cellulolytic bacteria such as Ruminococcus albus, Ruminococcus flavefaciens and Fibrobacter 
succinogenes are the predominant species that digest cellulose, despite the large number of 
other bacteria (Butyrivibrio succinogenes, Eubacterium cellulosolvens), protozoa and fungi that 
also can digest cellulose (Hungate, 1966; Windham & Akin, 1984). 
Cellulolytic bacteria have the ability to produce cellulase enzymes, which can hydrolyse 
cellulose. In general, rumen bacteria attach to the surface of feed particles or to the rumen wall; 
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the attachment occurs through a glycolcalyx that is present in both attached and unattached cells 
(Latham et al., 1978). Released polymers, such as cellulose, hemicellulose and pectin are 
hydrolysed to small saccharides (cellobiose, hexoses, and others) by numerous extracellular 
enzymes. Finally volatile fatty acids (VFA) are produced by intracellular fermentation of the 
small saccharides (Russell & Hespell, 1981). 
While rumen protozoa normally represent a large portion of the microbial cell mass, there is 
not much readily accessible information on their significance to rumen metabolism and 
digestion where they have been reported to be part of the process of carbohydrate digestion 
(Amos & Akin, 1978). The ruminal protozoa population is dominated by ciliates and a few 
species of flagellates. All protozoa are strictly anaerobic organisms in contrast to bacteria where 
some species are facultative anaerobes. 
In summary, some protozoa can utilize a number of soluble carbohydrates and starch; while 
other types of protozoa are more directly involved in the degradation of plant fragments, being 
able to ingest large pieces of plant material (Prins & Clarke, 1980). Rumen protozoa are 
proteolytic and can ingest bacteria as a source of protein. Protozoa also contribute to the 
hydrogenation and desaturation of fatty acids in the rumen (Yokoyama & Johnson, 1988). 
Rumen fungi are anaerobic organisms that also play an important role in cellulose digestion. 
They are able to attach to plant fragments in the rumen and penetrate more deeply into tissues 
than most bacteria, resulting in disruption and weakening of these tissues and providing a 
pathway for subsequent bacterial colonization (Bauchop, 1979, 1981). While some research has 
reported that rumen fungi are able to attack and degrade tissues containing lignin (Akin et al., 
1983), Windham and Akin (1984) found no significant degradation of lignin by rumen fungi. 
2.2 Grazing behaviour 
Grazing is the consumption and processing of herbage in the field by livestock. The amount of 
pasture that an animal can eat is related to their grazing strategy and behaviour (the summation 
of bite mass, bite rate and the time spent grazing), in response to the quantity and quality 
available to be grazed, moderated by the extent to which the nutrient demand is satisfied and 
physical and metabolic feedback constraints. 
Grazing ruminants in temperate climates in ad libitum conditions have been described to have 
three to five major grazing events in a day. Different grazing bouts provide the animal with the 
opportunity to adjust both, the levels of energy and balance of nutrients consumed. The three 
main grazing bouts take place early in the morning (dawn), mid-day and early evening (dusk) 
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(Gregorini, 2012). Thus diurnal grazing behaviour patterns have been described by many 
researchers in recent reviews by Gregorini (2012); Gregorini, Gunter, Beck, et al. (2008); 
Gregorini, Tamminga, et al. (2006). 
A longer and more intense grazing event occurs at dusk when plants have a higher water soluble 
carbohydrate (WSC) concentration and lower water content (Gregorini, Eirin, et al., 2006), 
increasing the intake rate as there is less energy required for mastication to release the sugars 
from the plant cells and thus bite rate is also increased. When bite mass increases there is a 
significant decline in the number of chews per bite, reducing the degree of fragmentation of the 
plant cells (Laca et al., 1994) prior to swallowing. However, as the pasture mass declines during 
a grazing bout, ruminants have a tendency to become more selective (Gregorini, Gunter, Beck, 
et al., 2008). Consequently, if pasture selection increases during a grazing event ingestive 
mastication would be expected to also increase, resulting in greater cell content release in each 
grazing session, a reduction in the size of feed particles entering the rumen and therefore an 
increase in rumen capacity. 
Records of grazing behaviour have shown daily patterns of eating and ruminating (Gregorini, 
Tamminga, et al., 2006) that contribute to diurnal patterns of rumen fermentation (de Veth & 
Kolver, 2001b; Gregorini, Gunter, & Beck, 2008) which can vary extremely over a 24h period 
(Gibbs & Laporte, 2009; Kolver, 1998; Laporte-Uribe & Gibbs, 2009; Williams et al., 2005). 
2.3 Characteristics of the rumen environment/ fermentation end 
products 
During fermentation, physical and microbiological activities convert feedstuffs to useful 
products such as; VFA, microbial protein and B-vitamins. Methane and carbon dioxide, which 
have no nutritional value to the animal are also produced. The gases are eructated by the animal 
and are considered waste products; whereas VFAs, microbial protein and B- vitamins are the 
source of energy, protein and nutrients used by the animal. Microbial protein is synthetized in 
the rumen by rumen microorganisms, where ammonia (NH3) is the main source of nitrogen (N) 
for protein synthesis. 
2.3.1 Rumen pH 
Rumen pH is the measurement of the concentration of hydrogen (H+) present in the rumen. As 
the H+ concentration increases in rumen, rumen pH decreases. Rumen pH is influenced by the 
type of feed, total intake, rate of consumption and buffering capacity. The rapid absorption of 
VFA through the rumen wall, passage in the rumen fluid to the lower tract, and NH3 absorption, 
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helps also to keep rumen pH between the normal range from 5.5 to 7.2 (Owens & Goetsch, 
1988). 
As the pH drops, cellulolytic microbes decrease in numbers, since they are acid-sensitive 
(Stewart, 1977), while acid-tolerant bacteria can increase in numbers. The acid sensitive 
bacteria have an intracellular accumulation of fermentation acid anions that affect their 
intracellular pH and therefore their ability to survive in that environment. On the other hand 
intracellular pH declines in acid-tolerant bacteria and consequently they can protect their self 
from the influx and accumulation of fermentation acid anions (Figure 2.2). For this reason, the 
reduction in fibre digestion at low pH is a consequence of the reduction in the cellulolytic 
microbial populations (Russell & Wallance, 1997). However, Weimer (1998) suggested that 
cellulose digestion is limited not by the population or activity of the cellulolytic microbes, but 
it is limited by the amount of cellulose available for microbial attack. 
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Figure 2.2. The effect of a pH gradient across the cell membrane (∆ pH) on accumulation of 
fermentation acid anions (XCOO-). Pi = inorganic phosphorous. Picture source: Russell and Wilson 
(1996). 
Mould and Ørskov (1983), observed that cellulolytic activity of the rumen microorganisms was 
totally inhibited at pH below 6.0. In pasture, below a threshold of pH 5.8 fibre digestion 
declined and optimal digestion occurred at pH 6.3 (de Veth & Kolver, 1999). 
2.3.2 Ammonia 
Ammonia is the most important source of N for protein synthesis in the rumen and it is produced 
in the rumen by microbial degradation of dietary protein, microbial cells (bacteria deamination) 
or by non-protein nitrogen compounds, such as recycled urea via the rumen wall and saliva. 
The extent to which NH3 is utilized in the rumen depends on the rate of release and the balance 
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of carbohydrates (CHO) and N availability. Since high quality pasture are rich in highly 
degradable protein, no limitations on rumen NH3 would be expected in pasture systems (Kolver, 
1998). 
In general, on a pasture based system NH3 concentration can rise to high levels of concentration 
after feeding (100 to 500mg/L) (Kolver, 1998), thus potential NH3 toxicity can occur. However, 
this has been shown to happen when rumen NH3 concentrations exceed 1000mg/L (Owens & 
Zinn, 1988). On the other hand, Satter and Slyter (1974) concluded that a concentration of 
20mg/L of NH3-N could be the limiting concentration for a rumen bacteria growth and a 
concentration of 50mg/L is enough to support microbial protein synthesis (Russell & Strobel, 
1987). In contrast, Wilson and Kennedy (1996) stated that microbial fermentation in forages 
diets will be depressed if rumen NH3 concentration goes under 60.7mg/L. Furthermore, Mehrez 
et al., (1977) observed that the minimal rumen NH3 concentration necessary for maximum DM 
disappearance of barley was 235mg/L rumen fluid. Additionally, a minimum of 10% and 19% 
CP (in DM) intake have been reported as the required amount for livestock maintenance and 
high producing dairy cows or young growing stock (Waghorn & Clark, 2004). 
The portion of NH3 that is not used by the microbes is absorbed directly through the rumen wall 
by passive diffusion. The amount that is absorbed is related to rumen NH3 concentration and 
rumen pH as the NH3 is a weak base and under low rumen pH, NH3 is converted to ammonium 
(NH4+) and free NH3 diffuses across the rumen wall more rapidly than does NH4+ (Brookes & 
Turner, 1993, as cited in Abdoun et al., 2006). 
The high ruminal concentrations of NH3 cause substantial losses of N in the urine, and the 
excreted N results in NH3 volatilazation, which contribute to soil acidification and nitrate 
leaching (Dijkstra et al., 2013). 
2.3.3 Volatile fatty acids 
The main end-products or “microbial waste” of anaerobic metabolism in the rumen are short-
chain fatty acids (SCVFA or VFA). The predominant VFAs are acetic acid (A), propionic acid 
(P) and butyric acid (B) with proportionally smaller amounts of iso-butyric, iso-valeric, and 
valeric acids. VFA’s provide between 50 to 80% of the total metabolisable energy supply to the 
animal. 
VFA concentrations normally ranges between 70 – 150mmol/L (Waghorn et al., 2007), though 
NZ pasture based dairy cows have been observed to have almost 200mmol/L (Sun & Gibbs, 
2012) and their removal from the rumen is affected by absorption rates through the rumen wall 
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in a free form and by the fluid flow rate to the lower gastro intestinal (GI) tract. Their absorption 
helps to keep pH and osmotic pressure in the rumen within the necessary limits. Accumulation 
of acetate depresses microbial growth more than accumulation of both propionate and butyrate. 
The accumulation of propionate and butyrate reduced microbial growth when their 
concentrations exceeded the physiological levels (Owens & Goetsch, 1988). 
The relative proportions of each VFAs are influenced by the type of diet (Dijkstra, 1994; Sutton 
et al., 2003) and frequency of feeding. In forage-based diet, the proportions in the rumen of 
VFA are typically 70 (A):20 (P):10 (B) (France & Dijkstra, 2005), whereas in TMR the 
proportions of the VFA changes to 50 (A): 40 (P): 10 (B) (Owens & Goetsch, 1988). Lactic 
acid is also found in TMR diets as the result of non-structural carbohydrate degradation (starchy 
diets). However, in temperate pasture diets, lactic acid is undetectable or in concentrations 
below 1mmol/L (Gibbs & Laporte, 2009; Owens et al., 2008). 
Acetic acid tends to predominate under most conditions, with propionic acid and butyric acid 
following, respectively. Acetic, propionic and butyric acid can all be used to produce adenosine 
triphosphate (ATP). However, acetic acid is oxidised in most body tissue to generate ATP 
(energy) and is the major source of acetyl-CoA for synthesis of lipids. Butyric acid is absorbed 
from the rumen wall and is converted to β-hydroxybutyric acid and similar to acetic acid, is 
used as a source of energy. Propionic acid is almost completely removed from the portal blood 
by the liver, where it is a major substrate for gluconeogenesis. Furthermore, the non-
gluconeogenic (A + B): gluconeogenic (P) ratio in forage diets tends to be high, since fibre 
fermentation stimulates acetate production in the rumen. But with low dietary fibre, acetate is 
decreased and propionate is increased in the rumen (Berzaghi et al., 1996; Coe et al., 1999; 
Sutton et al., 2003). 
2.3.4  Minerals 
Minerals are catalytic, structural and stabilizer of functions in microbial cells. An adequate 
input of minerals is required for microbial growth and various fermentation processes in the 
rumen (Durand & Kawashima, 1980). Minerals help to maintain osmotic pressure in internal 
fluids, which affects the passage of water, nutrients and waste material across membranes. They 
also help to maintain the physiological pH in the normal range through their buffering effect. 
For example, sodium (Na) and potassium (K) bicarbonate are one of the main buffering 
components in the rumen (Durand & Kawashima, 1980). Burroughs et al. (1950), observed an 
increase in the digestibility of corncob diet in the presence of inorganic nutrients found in 
alfalfa. Schrenk and Silker (1950), found that K was one of the most abundant minerals in 
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dehydrated alfalfa. Furthermore, in 1958, Hubbert, Cheng & Burroughs demonstrated that K 
was an essential mineral for in vitro cellulose digestion. The authors also found a significant 
interaction in the K: Na ratio on cellulose digestion, where an apparent Na toxicity effect 
occurred when K concentration was 0.05mg/ml or less. Furthermore, K has been reported to 
confer protection to some populations of microbes from low external pH (Dawson & Boling, 
1987; Kroll & Booth, 1981). 
Warner (1956), studied the influence of the fermentation medium based either on the 
composition of saliva or in the composition of rumen fluid; and observed an increase in the 
activity of the microorganism when the in vitro medium used was close to the rumen fluid 
composition. 
2.3.5  Osmotic pressure 
Osmolarity is the pressure which needs to be applied to a solution to prevent the ingoing flow 
of water across a semipermeable membrane, thus osmotic pressure of body fluids has important 
physiological impact in rumen function and feed intake. Osmotic pressure is principally 
controlled by concentration of mineral and VFA (Komisarczuk - Bony & Durand, 1991). The 
osmotic pressure is normally kept near that of blood values (280mOsm) by diffusion, active 
transport and hormone-regulate secretion (Carter & Grovum, 1990). Warner and Stacy (1965), 
reported that rumen fluid is generally hypotonic to blood plasma prior to feeding, and after 
feeding it tends to become hypertonic to blood for a period of several hours. 
In ruminants, the osmolarity promotes the flow of liquid out of the rumen to the omasum; and 
normal rumen fermentation occurs with osmolarities between 260 and 340mOsm (Bergen, 
1972). An increase in the osmolarity of rumen fluid occurs after feeding, due to the mineral 
ingested with the feed and the production of VFA’s. This increase in osmotic pressure can reach 
values of 350 to 400mOsm 30 minutes (min) after feeding concentrate or pelleted alfalfa 
(Owens & Goetsch, 1988). High osmotic pressures can be prejudicial for rumen digestion. 
Bergen (1972), observed that osmotic pressure of 400mOsm reduced cellulose digestion in in 
vitro studies. and Owens and Goetsch (1988) reported a reduction of starch digestion when the 
osmotic pressure was above of 350mOsm. 
2.4 Pasture composition 
Feed composition normally is expressed on a DM basis and typically, most forages will contain 
12 to 30% of DM; where CP and fibre are the most abundant nutrients in temperate grasses 
(Waghorn & Clark, 2004). 
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2.4.1 Protein 
Protein is the main source of N in herbage, and the majority of this protein in temperate pastures 
is in the form of ribulose-1,5 biphosphate carboxylase (Rubisco) (Kolver, 1998). The CP 
portion of forages consists of protein and non- protein nitrogen (NPN) material. The NPN 
fraction is composed by amines, amides, nitrates and nucleic acids. 
Pastures that have been fertilized at high N rates are characterized by high protein content that 
is easily degraded in the rumen to peptides, amino acids and NH3 by the rumen microbes (van 
Vuuren et al., 1991). A proportion of the amino acids is immediately incorporated into 
microbial protein. However, much of the amino acids are completely degraded to NH3 by 
deamination. Some of this NH3 is utilised and reincorporated into microbial protein as well as 
amino acids, but most of it is lost across the rumen wall by diffusion (Russell & Strobel, 1987). 
This diffusion occurs as the degradation of protein often exceeds microbial utilisation in 
temperate grasses. Thus the excess NH3 is absorbed and converted to urea in the liver and 
recycled via saliva, or it is excreted through the urine. 
The protein fraction that is not degradable in the rumen passes through to the small intestine, 
where more degradation and absorbtion will occur (Kolver, 1998). 
2.4.2 Carbohydrates 
The main component of the DM in pasture, also the primary source of energy for a grazing 
animal, comes from the carbohydrate portion. Carbohydrates are neutral chemical compounds 
containing the elements carbon, hydrogen and oxygen and have the empirical formula (CH2O)
n, where n represents three or more. 
In nutritional terms, CHO can be categorized based on their chemical composition (result of 
analytical analysis). In this system, carbohydrates are classified as non-structural or structural 
fractions; the present study has been based in this classification, which is going to be described 
later on in this literature review. Additionally, CHO are classified according to how they are 
degraded in the rumen by The Cornell net Carbohydrate and protein system (Kolver, 1998). For 
example, fraction A (simple sugars) is the fast degraded fraction. Fraction B1 (starch, pectin 
and β glucans), has an intermediate speed of degradation. Fraction B2 (cell wall material, such 
as cellulose and hemicellulose) is the slowly degraded fraction; and fraction C (lignin) is the 
indigestible or non-degraded fraction. 
Another classification of fibre is the physically effective NDF (peNDF), a classification which 
refers to the ability of physical characteristics of fibre, mainly particle size, to stimulate chewing 
30 
and saliva buffering in the rumen to guarantee normal rumen function (Mertens, 2000). The 
term peNDF is mainly associated with TMR diets, where the grains, protein and mineral 
supplements require minimal chewing, because of their small particle size. 
2.4.2.1 Non- structural carbohydrates or soluble carbohydrates 
New Zealand pastures in comparison to tropical pastures contain high concentrations of non-
structural carbohydrates (water soluble carbohydrates and fructosans) that are rapidly 
fermented by rumen microbes, and can provide a substantial energy source for the microbes. 
The breakdown of structural carbohydrate (fibre) in a forage diet is important compared to a 
concentrate diet. Structural CHO are also required for normal rumen function, as they stimulate 
rumination and saliva production for buffering of rumen pH (Mertens, 1993, 2000). 
2.4.2.2 Structural carbohydrates (fibre) 
Structural carbohydrates are composed of cellulose, hemicellulose, lignin, and pectin 
(McDonald et al., 2002), where cellulose, hemicellulose and lignin are the principal components 
of the primary and secondary cell walls of the plant. The primary cell wall is formed after the 
middle lamella, which is the first layer out of the cell and it is shared by adjacent cells. The 
secondary wall is extremely rigid and provides strength to the cell wall (Figure 2.3). Thus, cell 
walls form the structural framework of the plant; where fibre is a biological unit and in animal 
feed evaluation is an estimate of the cell wall polysaccharides and a good indicator of forage 
quality. 
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Figure 2.3. Plant cell walls. Picture source: www.universe-review.ca 
Cellulose is the most abundant single polymer, in which the repeating unit is cellobiose, which 
has a complex structure (β-1,4-glucosidic linkages) (Figure 2.4), that mammalian enzymes 
cannot break down (Hungate, 1966). Through the culturing of microbes in their stomachs, 
ruminants and other herbivores have gained a symbiotic relationship where the microbial           
a
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 populations in their digestive tract have the necessary enzymes needed to split these linkages. 
This allows cellulose to be degraded and made available as an energy source for the animal 
(Cecava et al., 1995). It has been shown that the predominant cellulolytic species, 
Ruminococcus albus, Ruminococcus flavefaciens and Fibrobacter succinogenes, are able to 
digest cellulose at rate constants of 5 to 10 %/h (Weimer, 1996). 
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Figure 2.4. Simplified chemical structure of cellulose where cellobiose is the repeating unit linked 
through a β-(1-4) bond. Picture source: McDonald et al. (2002). 
Hemicellulose is an alkali-soluble cell wall polysaccharide that is closely associated with 
cellulose. Hemicelluloses are branched polymers of xylose, arabinose, galactose, mannose and 
glucose, and their function is to give stability to the cell wall. The types, and the relative 
amounts of hemicellulose can vary significantly between plant type, cell type and plant growth 
stage. 
Pectin is a “soluble” carbohydrate that is quickly and extensively degraded in the rumen and is 
found mainly in the middle lamella. 
Lignin is not a carbohydrate, but is closely associated with this group of compounds, since 
lignin is bound to the cellulose-hemicellulose fraction of the cell wall. Lignin has a high 
resistance to a enzymatic degradation, acting as a barrier, providing chemical and biological 
protection to the cell wall, and mechanical strength to the plant. 
2.4.2.2.1 Carbohydrate metabolism 
After microbial attachment to the plant cell wall, hydrolysis of the polymers occurs, releasing 
the small saccharides (Figure 2.5), where the results of the intracellular products is pyruvate. A 
further intracellular degradation occurs, producing VFA as well as carbon dioxide and methane. 
The metabolism from oxalate to succinate is the most common pathway for synthesis of 
propionate (Van Soest, 1983c). 
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Figure 2.5. Generalized pathways of carbohydrate metabolism in the rumen. Diagram source: Russell 
and Hespell (1981). 
2.4.2.2.2 Classification of structural carbohydrates 
Fibre is the major determinant of forage quality, with the potential to influence intake and 
nutritive value of the forage, since fibre concentration and composition is the least variable 
fraction in OM digestibility in ruminats. Fibre can be classified into fractions according to 
digestibility; potentially digestible fibre (pdNDF) or the indigestible fibre (iNDF) (Waldo et al., 
1972). Furthermore, fibre constituents can be classified by the application of detergent solutions 
and weighing the residue (Van Soest, 1963; Van Soest et al., 1991), or by the use of enzymes 
and weighing the residue (Tilley & Terry, 1963), or by near infrared analysis (NIR) (Corson et 
al., 1999). 
The pdNDF leaves the rumen either by enzymatic breakdown and absorption, or by passage to 
the lower tract. The pdNDF is calculated by the difference between the NDF and the iNDF 
portion of the fibre. The iNDF is the portion of the fibre that is resistant to fermentation by 
microorganism and leaves the rumen by passage only (Allen & Mertens, 1988). The iNDF can 
be estimated using different methods, such as; long periods (288h) of in sacco incubation; 
extended fermentations using an in vitro system (ANKOM®); and using the Chandler ‘s 1980 
calculation (Van Soest et al., 2005). The Chandler’s calculation use a factor of 2.4 x lignin 
content of NDF. The value of 2.4 was based on long term methane fermentation of 60- 90 days. 
There is some controversy regarding the use of lignin as a factor for determining iNDF 
concentration. Smith et al. (1972), observed a close relationship between iNDF and the lignin 
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content of forages similar to that measured by Van Soest et al. (2005). But Wilson and Kennedy 
(1996) expressed concerns that the prediction of iNDF from lignin is not very accurate, as lignin 
is not a uniform chemical entity of cell wall since lignification of the cell wall is increased by 
the maturity of the plant (Morrison, 1980). Furthermore, temperature, light, water and general 
environmental stress to the plant can affect lignification of the cell wall (Deinum, 1966). 
The preferred method for fibre classification, particularly for dairy feeding systems, is the Van 
Soest et al. (1991) detergent analysis. This method classifies the fibre components as NDF or 
acid detergent fibre (ADF), depending on the detergent used in the analysis. Neutral detergent 
fibre is the residue left after extraction, when fibre is boiled in neutral solutions of sodium lauryl 
sulphate and ethylene di-amine-tetra-acetic acid (EDTA). This fraction mainly consists of 
cellulose, hemicellulose, lignin and ash. In comparison, ADF is the residue left after boiling 
with 0.5M sulphuric acid and cetyltrimethyl-ammonium bromide. The ADF portion represents 
crude lignin, cellulose, ash and silica (McDonald et al., 2002). Lignin content in the ADF 
fraction, can also be determine by a further step involving acetyl bromide (Van Soest, 1967). 
Neutral detergent fibre is mainly comprised of cellulose and hemicellulose that is particularly 
encrusted within lignin which acts as a barrier to rumen microbes making it difficult to digest, 
while ADF is particularly comprised of cellulose, which is degraded at a faster rate than 
hemicellulose bound to lignin. Since the hemicellulose is particularly encrusted within lignin 
(and lignin is difficult to digest causing it to act as a barrier for rumen microbes) the NDF 
content of feedstuffs has been shown to be related to the potential intake of forages and their 
digestibility (Mertens, 2009). 
2.4.2.2.3 Fibre digestion 
Digestion of the feed is a complex process that involves the inflow of the feed to the rumen, 
and the outflow of liquid, undigested feed, and the bacteria to the lower GI tract. Thus, digestion 
in ruminants is the result of degradation and absorption of the digestive products and passage 
of digesta through the digestive tract (Van Soest, 1983a). 
The nutrients supplied by pasture become available to the animal only after herbage has been 
ingested, masticated, swallowed, and subjected to microbial fermentation in the rumen. 
Mastication is the first step that prepares herbage for digestion. Mastication disrupts protective 
layers and increases the surface area of the feedstuff by cutting and grinding the cell wall. This 
exposes the cellular contents to digestive enzymes. Mc Leod & Minson (1988) reported that the 
primary mastication (chewing of fresh non-regurgitated feed) was responsible for the 
breakdown of 25% of the long particles (LP) in the forage (note that LP comprised 626g/kgDM 
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leaf and 712g/kgDM stem of the total forage). Additionally, Boudon & Peyraud (2001) 
observed that about 30% of the intracellular N and 50% of the total soluble carbohydrates in 
herbage were released through mastication during the ingestive process. In addition to 
mastication, rumination also occurs. Rumination is the process where the forage is regurgitated 
and further masticated, then again swallowed, to help increase the surface area and expose a 
greater amount of cell contents to the rumen microbes. 
The rate of digestion of a particular feed is an important factor in animal production, especially 
in grazing animals that need to consume a large amount of pasture to match their requirements. 
There are two definitions for digestion rate described by Mertens (2005); the absolute digestion 
rate and the fractional or relative digestion rate. The absolute digestion rate is the starting 
amount of material minus the final amount of material divided by the time that material has 
been exposed to digestion; whereas the fractional digestion rate is determined by the fraction 
of the digestible feed which disappears per hour. Therefore it is important to distinguish these 
two definitions when presenting and interpreting results. 
Fibre digestion was first observed by Haubner in the 1850’s (Van Soest, 1964). Much research 
followed this first observation and the extent of digestion of feed in the rumen was seen to be 
controlled by the relationship between degradation and passage. On vegetative pasture the fibre 
is very digestible, as 75% of NDF is digested in the rumen at a rate of 5-14%/h (Kolver, 1998). 
The same researcher, Kolver (2003), observed that fibre digestion rates can be as high as 9% to 
16%/h for intensively managed pastures. On a high quality pasture this level of digestibility 
was associated with intense rumen fermentation, rumen pH between 5.8 and 6.2, and high 
concentrations of VFA (Kolver & de Veth, 2002). In contrast, Taweel et al. (2005b) in an in 
vitro study, concluded that fibre digestion ranged from 2% to 3%/h; and similar results were 
reported by Steg et al., (1994). However, these low fibre degradation rates may be the result of 
the high NDF content (41 to 57%) in the grasses used in their study. 
Slow digestion of a specific feed component (e.g. fibre) means that the feed particles stay in the 
rumen for a longer period; consequently increasing the potential for rumen capacity to become 
a limiting factor to additional intake (Dado & Allen, 1996). 
2.4.2.2.4 Fibre degradation 
There are several aspects that regulate fibre degradation. Some of these aspects are plant related 
factors, such as plant structure and composition; other factors are related to population densities 
of the predominant fibre-digesting microorganisms (bacteria, protozoa and fungi); and 
microbial factors that control adhesion and hydrolysis. Furthermore, there are some animal 
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factors, such as animal species, physiological status (pregnancy and lactation), intake, 
mastication and digesta kinetics. (Gregorini, Gunter, Beck, et al., 2008; Varga & Kolver, 1997). 
The extent and rate of degradation of plant cell wall by rumen microbes will be decreased if 
microbial access is impeded by either structural (presence of cuticle, low ratio of external 
surface area/volume) or by the chemical factors such as lignification of the cell wall. Chaves, 
Burke, et al. (2006) and Sun et al. (2010) observed that degradation kinetic of the fibre 
decreased with increasing age of regrowth of perennial ryegrass, since the more mature a grass 
the higher the concentration of lignin (Jung & Allen, 1995; Morrison, 1980). 
Bacteria attachment to the surfaces of feed particles and or rumen wall play an important role 
in the extent and rate of degradation of the fibre; since the attachment determines competitive 
edge and potential of the rumen organism to dominate over the substrate and environment (Van 
Soest, 1983c) (Figure 2.6). Bacteria attachment occurs on broken edges of plant surfaces 
through a glycolcalyx (Latham et al., 1978); therefore particle reduction through mastication 
plays an important role for microorganism attachment. 
Intake also affects fibre digestion, since a higher intake is generally associated with a faster 
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Figure 2.6. Electron microscopy photo, showing microbial attachment to the surface area of hay 
material, before rumen incubation (a) and six hours post rumen incubation (b). Picture source: Saldias 
and Gibbs (2010), unpublished photograph. 
 
2.4.2.2.5 Methods of measurement of fibre digestion 
Fibre digestion can be measured by in vivo, in vitro or in situ methods, but each method has its 
own limitations which can introduce error, and carry certain assumptions. 
In vivo studies such as digestibility trials or rumen evacuations are less often used as they can 
be expensive and very time consuming. However, in vivo studies results might be the most 
consistent as there is scope for passage and removal of digested nutrients. 
In vitro methods are designed to imitate rumen fermentation and are achieved by incubating 
feedstuff samples in tubes or flasks with a buffer solution and rumen fluid or enzymes. In vitro 
measurements are less time consuming and less expensive than in vivo measurements. 
However, they are unable to replicate the recycling of N which normally occurs in the rumen 
especially on poor quality or mature pasture. There are different types of in vitro systems: 
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A Two- stage technique (Tilley & Terry, 1963): This method involves 48h of anaerobic 
incubation of the samples (0.5g ground sample) with rumen fluid to estimate rumen digestion, 
followed by a second 48h digestion period using pepsin and weak acid to simulate post-rumen 
digestion and remove the undigested plant and microbial protein.  
Gas production technique: This method measures the volume or pressure of gas produced as an 
indicator of microbial activity in in vitro systems. The gas production curves are fitted in models 
such as di-phasic or three phasic model (Cone et al., 1997; Schofield et al., 1994) to describe 
the degradation kinetics of the incubated feed through the measured gas production.  
Rusitec or dual flow continuous culture system (Figure 2.7): This system is a modern alternative 
to the above in vitro technique, and tries to mimic the rumen environment for a longer period 
than the simple batch. This is achieved by keeping microbial populations alive and growing 
continuously, as they would in a living cow. The fermenters are fed to imitate feed intake, and 
buffer solution (the substitute for cow’s saliva) is infused into the jars at constant rates. 
Simultaneously, solid and fluid are removed to imitate the passage of material from the rumen 
to the lower tract. To keep the anaerobic environment, either nitrogen or carbon dioxide is 
continuously infused. 
The advantage that continuous cultures have over the simple batch is the ability to alter rumen 
environment. This allows the study of conditions affecting microbial growth, fibre degradation 
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Figure 2.7. Continuous culture system. Site for pH electrode (a); feeding port (b); buffer infusion (c); 
thermometer (d); element for temperature control (e); acid and alkali infusion (f and g); effluent filtration 
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tube and filter (h); port for stirring and to take manual temperature readings (i); tube for nitrogen inflow 
(j); overflow port (k). Picture source: Modified from operational manual of In vitro system, anonymous. 
 
In situ, also referred to in some literature as in sacco technique, is well established and has been 
thoroughly discussed in the literature (Mehrez & Ørskov, 1977; Nocek, 1988; Orskov et al., 
1980).The in sacco technique was used for the first time by Quin and Van Der Wath (1938), 
and today is the more common practise. This technique is used because it provides information 
about degradation rates of individual components, such as DM, OM, and fibre. Although, it is 
important to note the technique does have limitations which need to be considered (Orskov et 
al., 1980), many of these limitations will be highlighted in the following paragraphs. 
With the in situ technique feedstuff samples are incubated inside the rumen. The feedstuff 
samples are first placed into porous bags of known mesh size, which are then placed into the 
rumen of fistulated cows. This allows the near contact of the incubated feedstuff with the rumen 
environment. Notably the incubated sample is not subjected to the mastication, rumination and 
passage down the lower digestive tract that indigested feed would normally be exposed to. 
The use of nylon bags gives a very rapid estimate of the rate, and the extent of degradation, of 
the incubated feedstuff in a functioning rumen. But an error is introduced as this procedure 
assumes that the washout fraction of the feed is rapidly degradable. Furthermore, the 
assumption is also made that the truly undegradable fraction remains after prolonged incubation 
in the rumen. In this situation the pore size of the bags controls the passage of the particles to 
the rumen; therefore the disappearance of the particles from the bags can be estimated. 
Most commonly, with forage samples, the measurement of degradation using nylon bags is 
carried out on forage that has been prepared by first drying, and then grinding through a 1mm 
screen. But, Barrell et al. (2000) concluded that it is better to prepare samples by mincing when 
assessing their digestibility, rather than chopping or freeze drying and grinding as the particle 
size distribution observed for minced samples was more closely related to the range of particle 
size observed in the chewed forage by the cows. Similar results were reported by Waghorn, 
Shelton & Thomas (1989), from the distribution of rumen particles (DM) in different sieve sizes 
in cows before, during and after morning feeding. Therefore, mincing frozen samples appears 
to produce a much better representation of the chewed forage than freeze dried ground or 
chopped samples. 
As was mentioned before each method (in vivo, in sacco and in vitro) has its own limitations 
and it is important to note the factors that can over or under estimate the results. 
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Taweel (2004) compared fibre digestion rate of six perennial ryegrass varieties using in sacco, 
in vivo (rumen evacuation technique) and in vitro (gas production) techniques. From the results, 
the author observed that the correlation between the three techniques and the fibre digestion 
rate was poor and the ranking of the six varities based on the results was different for the three 
techniques. A similar estimation of fibre degradation rate (around 2.5%/h) was reported using 
both nylon bags and rumen evacuations. However, fibre degradation rate using the gas 
production technique was much higher at around 6%/h. From the differences obtained in fibre 
digestion rate it was suggested that sample preparation could interfere with the results, since 
samples for in vitro gas production were ground through a 1mm sieve. Furthermore, estimation 
of fibre degradation using this technique were estimated from values that can include other 
fermentable fractions that can increase the rate of degradation. 
2.4.2.2.6 Digestion kinetics 
The concept of two fractions for NDF proposed by Waldo et al. (1972) was used to construct 
the first order kinetic model, which was later improved by Mertens et al.(1982), and reviewed 
by Allen et al. (1988). The first order kinetic model assumes that substrate digested at any time 
is proportional to the amount of potentially digestible matter remaining at that time. Robinson 
et al. (1986) evaluated different mathematical models to described NDF loss, and concluded 
that the first order model including lag time (Equation 1) was the simplest model that could 
predict NDF loss. Lopez et al. (1999) reviewed the different models that have been used to 
estimate degradation rates and the authors concluded that all the models tested gave similar 
estimates of degradation. However, the most common model used, is the exponential model 
reported by Orskov & McDonald (1979) (Equation 2). 
Equation 1: NDFR= D x exp –kd( t-L) + U 
Where NDFR, is the residual NDF (%) recovered time (h); D, is the potentially degradable 
fraction “pdNDF” (100- U), kd, is the fractional degradation rate (%/h); t, is time in hours; L, 
is the lag time (h); and U, is the indigestible fraction “iNDF”. 
 
Equation 2: y = a + b (1-e –k(t-L)) 
Where a, is the soluble fraction (the proportion that can be washed out of the bags at time 0 h); 
b, is the potentially degradable fraction; k, is the rate of degradation of b (%/h); t is the 
incubation time (h); and L is the lag time (h). 
Lag time refers to the period where digestion is slow, or non-existent, and is not measurable. 
Lag time is influenced by factors such as chemical and physical properties of the forage, 
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microbial attachment to the forage, microbial population and the rumen environment (Mertens 
& Ely, 1982). Hence, variations in digestion kinetics are the results of intrinsic and extrinsic 
factors. The most important intrinsic aspect is plant species and maturity (chemical composition 
and physical structure). A more mature pasture has a higher concentration of lignin in the cell 
wall, which will decrease the extent and rate of digestion. Furthermore, extrinsic factors such 
as rumen pH (de Veth & Kolver, 1999), rumen NH3 concentration (Mehrez et al., 1977), and 
rumen osmolality (Owens & Goetsch, 1988) can also increase or decrease the rate of fibre 
digestion. 
Nonetheless, van Vuuren, Vanderkoelen, and Vroonsdebruin (1993) used a lag time 0h to 
calculate the in situ degradation of NDF of ryegrass pasture. Later on, Salaun et al. (1999) 
observed in their study of in situ degradation of perennial ryegrass that lag time was not 
significantly different from time 0h. 
2.4.2.2.7 Rates of passage / retention time 
The transit of digesta through the GI tract is often measured by flow rate, (L/h or kg/h) and 
fractional passage rate (%/h). Flow rate is used to determine the amounts of feed digested which 
passes through a given segment of the GI tract per unit of time whilst, fractional passage rate 
(kp) measures how long individual portions of digesta are retained in a given segment of the GI 
tract. Fractional passage rate is frequently reported as RT, or mean retention time (MRT) 
(Warner, 1981). The RT for digestible nutrients is determined by the total disappearance rate 
(digestion + passage), whereas the RT of indigestible nutrients and markers, is determined only 
by their fractional passage rate (Allen & Mertens, 1988). Therefore, kp is influenced by level 
of intake, type of feed eaten, particle size and processing of the samples (for example, cutting, 
chopping and grinding) prior to consumption. 
Determining the kp is a complex process as it involves mechanical mixing, disruption and the 
combining of various components such as liquid, SP, and LP. It is the behaviour of both small 
and long particles which make this process so complex. Small particles escape from the rumen 
easily by ruminal contractions, and their RT is minimal, while LP are selectively retained in the 
rumen in the fibre mat, consequently their RT and digestion are maximized (Dijkstra et al., 
2007). Poppi et al. (1981) categorised the LP as those particles retained on a mesh screen of 1-
1.18 mm, whereas SP were categorised to be smaller than 1mm. Furthermore, the authors 
observed that in cattle LP were retained for 16h (leaf) and 20h (stem), whereas in sheep LP 
were retained for 11 and 11.7h (leaf and stem, respectively). 
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In addition to this, the retention of the particles (LP and SP) is affected also by the buoyancy, 
or functional specific gravity (SG) of them (Faichney, 1996). Particles with an SG less than 
rumen fluid will tend to float to the surface of the mat, which reduces their probability of escape 
from the rumen. Particles with a greater SG will tend to sink and have a greater probability of 
entering the "zone of potential escape", which is located near the reticulo-omasal orifice. But, 
if particles are very dense, they may sink to the ventral rumen, decreasing their contact with 
this zone and thereby reducing their probability of escape (Allen & Mertens, 1988). 
Solutes move through the GI tract more rapidly than particles; therefore, RT and kp are not just 
affected by particle sizes. Factors such as pregnancy reduce DMI (Dewhurst et al., 2000) and 
therefore can increase MRT, while lactation can increase intake and reduce MRT.  
In addition to the physiological effects there are also effects brought about by their eating 
behaviour. An increased intake results in faster kp and shorter MRT, which may reduce fibre 
digestion (less NDF digestion) (Mertens, 2006). For example Okine and Mathison (1991) 
reported a decline in fibre digestion with increasing intake when feeding animals a mixture of 
bromegrass, timothy and alfalfa hay. As the DMI increased MRT of digesta in the reticulo-
rumen decreased from 48h to 38h. Likewise, Yansari et al., (2004) observed that finely 
chopping alfalfa resulted in a 10% faster kp (0.033 vs 0.029 %/h) and a 8% reduction in NDF 
digestibility (0.566 vs 0.613). The faster kp was associated with higher intake (24.8 vs 21.3 
kg/day). Berzaghi et al. (1996) and van Vuuren et al. (1992) described that dairy cows grazing 
pasture have a high fractional passage rate of digesta from the rumen; where the solid material 
flows between 4.1 and 7.5%/h and the fluid flows between 9.4 to 18.2%/h. 
By emptying out the rumen (rumen evacuation technique) the rumen pool size of an animal can 
be measured, and with the use of an indigestible marker an estimate of the total MRT can be 
made (Dijkstra et al., 2007). As mentioned previously, iNDF is indigestible which enables it to 
be used as an internal marker to estimate passage (Tamminga, Robinson, Meijs, et al., 1989; 
Tamminga, Robinson, Vogt, et al., 1989), as it has a predictable rate of digestion of zero. 
Physical breakdown of LP by mastication during ingestion and rumination is an important part 
of the digestion process in ruminants. One of the advantages of using iNDF as a marker, in 
conjuction with the rumen evacuation technique, is the potential to study the passage, 
breakdown and digestion rates of different particle size fractions simultaneously (Bayat et al., 
2007). However, it is important to note that MRT of iNDF as an estimate of MRT of the entire 
fibre fraction, in feed evaluation systems, will underestimate MRT of the digestible fraction, 
and therefore rumen fibre digestibility (Lund et al., 2007). 
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There are several mathematical models that described the kp and RT of feed that is subjected to 
fermentation in the rumen. Mertens & Ely (1982) and Allen & Mertens (1988), reviewed the 
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Figure 2.8. Model of fibre disappearance. Non-escapable fibre fraction (N); escapable fibre fraction 
(E); potentially digestible fraction (D); indigestible fibre fractions (I); digestible fibre (fd); indigestible 
fibre as a fraction of intake (fi); fractional rate of digestion (kd); fractional rate of escape (ke); fractional 
rate of release from the non-capable fraction to the escapable fraction (kr). (Allen & Mertens, 1988). 
 
Disappearance rate of feed components from the rumen is calculated from the total intake and 
the amount the material in the rumen. For indigestible feed components or indigestible markers 
the disappearance rate is equal to passage rate, whereas, for digestible feed components the 
disappearance rate is equal to the passage rate plus the degradation rate. Considering the 
selective retention mechanism of LP in the reticulo-rumen and estimating the passage and 
breakdown kinetics of different particle size fractions can be helpful when assessing their 
potential to constrain feed intake. 
2.4.2.2.7.1 Methods of measurement of rate of passage 
Rate of passage may be estimated by dividing rumen outflow by rumen volume. Generally, it 
is measured by the use of indigestible markers which are either present in the feed or given 
independently that are measured in different parts of the GI tract or in faeces. Thus, the 
estimation of digesta flow is usually obtained from the relationship between the equilibrium 
concentration of a marker in a sample of the digesta, and the amount of marker continuously 
infused. 
There are two primary classifications for markers: 
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Internal markers are known indigestible substances found in the feed consumed by an animal, 
such as acid insoluble ash, iNDF and acid detergent lignin. The advantage of internal markers 
is that they are cheap and convenient with no special preparation required, but the disadvantage 
is that they are difficult to determine accurately. 
External markers are indigestible substances that are either added to the diet or administered 
orally or intraruminally to the animal. These markers can be classified as solute markers or 
particulate markers. Solute markers stay in solution as they pass through the GI tract, while 
particulate markers associate themselves with food particles as they pass through the GI. Some 
commonly used examples of solute markers are; polyethylene glycol (PEG) and the chromium 
complex of ethylenediamine tetra-acetic acid (CrEDTA) and particulate markers; ytterbium 
acetate, ruthenium –phenanthroline complex (RuP). 
Faichney (1975) proposed a list of the desirable properties for the ideal marker: 
1. An internal marker must be strictly non-absorbable. 
2. It must not affect or be affected by the GI tract or its microbial population. 
3. It must be physically similar to or intimately associated with the material it is to mark (solute 
or particle marker). 
4. Its method of estimation in digesta samples must be specific and sensitive and it must not 
interfere with other analyses. 
Measurement of digesta flow generally requires use of surgical procedures to the animal such 
as cannulation of the GI tract to take samples for analysis. Most of the studies of digesta flow 
from the rumen involve either simple cannulas close to the pylorus (in the antrum of the 
abomasum or the ascending duodenum), or re-entrant cannulas in the duodenum. 
The marker techniques differ in their methods of administration, for example, single dose or 
constant rate infusion can be used. They also differ in their methods of sampling. For example 
small samples can be taken from GI tract several times (time sequencing sampling), or the 
animal may be slaughtered, and the whole digesta sample can be taken (Faichney, 2005). 
Single dose administration of markers and time sequencing sampling is used to estimate the 
MRT in the GI, as well as to study the volumes and flow rates of mixing compartments 
(reticulum-rumen, abomasum, caecum). In contrast, constant rate infusion, of a known marker, 
and time-sequence sampling are used to measure rates of passage in the GI system. This 
technique may also be used to estimate MRT for sections of the GI tract distal to the infusion 
point. 
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Constant rate infusion techniques rely on adequate time prior to digesta sampling for the infused 
marker to reach a steady state. Attaining steady state conditions for each marker depends on the 
type of animal, and its diet. Usually an adaptation period between 6 to 8 days is essential. Once 
steady state is achieved digesta flow can then be calculated as infusion rate divided by marker 
concentration found in digesta (Faichney, 2005). 
Faichney (1974) developed the method of double marker infusion (solute and particle markers) 
to overcome the errors associated with the infusion of a single marker. These arise as digesta 
consist of a liquid phase and a solid phase. With the double marker technique, one of the 
markers remains in solution while the other marker is associated with the solid matter. Since 
the infusion rate of each marker is constant and steady state of each marker has been reached, 
the concentration of the markers in digesta are assumed to be equal. True digesta can be 
reconstitued by combining fluid and digesta, either mathematically or physically, so that the 
concentration of the two markers are the same. Concentration of the markers are expressed as 
a fraction of the daily dose per unit of digesta. 
Solute marker or liquid-phase marker 
Polyethylene glycol (PEG) as a water soluble marker was introduced by Sperber et al. (1953) 
and has been used in many studies since (Hyden, 1961a; Sinha et al., 1970; Ulyatt, 1964). PEG 
has a high molecular weight of 4000, and is not absorbed or destroyed in the digestive tract. It 
is non-toxic in the rumen, and its distribution volume in rumen contents is approximately 95% 
of total water. PEG can be estimated accurately by the turbidimetrical method (Hyden, 1961b; 
Malawar and Powell, 1967 in Odoi, 1985; Ulyatt, 1964). 
The non-radioactive complex of chromium (Cr) with ethylenediaminotetracetic (EDTA), Cr-
EDTA, is the most commonly used liquid-phase marker in rumen physiology studies using 
double marker techniques (Hume et al., 1970; Kolver et al., 1999; Siddons et al., 1985) since it 
is readily soluble in water. 
Chromium can be analysed by spectrophotometry or by atomic absorption, giving a rapid and 




Ytterbium acetate (Yb), is a rare earth element, and rarely exists in pure form. It binds easily to 
other minerals underground making it costly to extract. Ytterbium often has been used as a 
particle marker in the estimation of passage kinetics in ruminants (Huhtanen et al., 2007; Lund 
et al., 2007; Siddons et al., 1985). 
Rumen volume can be measured either by the dilution technique with a liquid marker or by 
directly emptying the rumen through a fistula (rumen evacuation). The rumen evacuation 
technique has commonly been used for the estimation of digestion, passage kinetics of cell wall 
fractions and diurnal patterns of rumen fill (Reid, 1965; Taweel, 2006; Thomson et al., 1985). 
Towne et al. (1986), studied the effects of rumen evacuation, mixing the contents and returning 
them to the rumen, on microbial populations, VFA concentration and liquid flow rate. Rumen 
evacuations at 16h intervals did not have a significant effect on the rumen microbe populations 
or digestive physiology. Huhtanen et al. (2007), also observed that rumen evacuations did not 
affect the in situ degradability of the feedstuff used. However, there are no available studies 
that have investigated the effect of fasting between rumen emptyings in serial evacuations. 
Given the known effects of inanition on rumen VFA concentrations (Galyean & Hubbert, 
1981), it is likely that animals fasted between rumen evacuations will have some changes in 
optimum process of fibre digestion. 
2.5 Summary 
The literature reviewed has summarised the different techniques that have been used in the 
determination of fibre digestion and rate of passage from the rumen to the lower GI tract. 
However, the literature available demonstrates that most of the studies in the field of rumen 
fibre degradation have been done in either indoor conditions (TMR, or cut and carry) or longer 
term incubation periods (nylon bags) that do not provide information on the sub-diurnal periods 
of rumen activity. In addition, external factors that can affect fibre digestion have been studied 
either in in vitro systems or by manipulation of the normal rumen conditions (using concentrate 
diets, manipulating DMI or infusing fermentation or nitrogen metabolism products into the 
rumen). Therefore, there is a demonstrable lack of information on sub-diurnal variation in 
rumen function and fibre kinetics, particularly in grazing dairy cows. 
This thesis is an investigation of the effect of rumen diurnal variation on fibre degradation, by 
the following methods: 
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1. Detailed characterisation of the rumen environment of high production dairy cows in a 
typical South Island system, grazing highly managed ryegrass pastures on a once daily 
allocation. This was accomplished by resident fistulated cows in a commercial herd 
with a combination of grazing management and direct rumen sampling around the 
diurnal period. 
2. Rumen DM and NDF pool fluxes in these cows in this system, under the same grazing 
management but using rumen evacuations. 
3. Intensive DM and NDF degradation rate assessment using in sacco techniques in sub-
diurnal periods. 
4. In vitro DM and NDF degradation rate assessment using precise standardisation of 
artificially altered rumen environment parameters identified as distinctive of the 




3.2 Materials and methods 
Two studies were conducted with the objective to quantify the rumen diurnal pattern of 
fermentation end products and rumen DM and NDF pool flux, and compare by rumen 
evacuations the effect of different diurnal phases in the rumen environment of grazing and 
fasted cows on rumen fibre disappearance (clearance rate). All procedure involving the use of 
animals had prior approval from the Lincoln University Animal Ethics Committee (LUAEC) 
and licensed in accordance with the Animal Welfare Act, New Zealand. 
In experiment one, the detailed rumen fermentation end products and metabolites flux across 
the diurnal period was established. The influence of rumen environment on fibre clearance rate 
was estimated by measuring rumen pool size of DM, NDF, ADF and total N at three times 
diurnally in each of spring (2009), summer (2010) and autumn (2010). In this experiment cows 
had access to pasture between evacuations. In experiment two, (spring 2010), the measurements 
were repeated with the animals having no access to pasture between evacuations. 
3.2.1 Animals and feeding 
Three high producing lactating Holstein Friesian cows previously fitted with rumen cannulae 
(Bar Diamond, Inc., Parma, Idaho, USA) in the dorsal rumen sac were used in experiment one 
and two. The experimental cows were grazed at Lincoln University Dairy Farm (LUDF) NZ 
(43.6500° S, 172.4833° E) with a commercial herd (n=670) with a commercial herd on an 
irrigated ryegrass dairy system. Portable cattle yards were used in the grazing paddock for all 
manipulations at sampling to ensure minimal interference with grazing. 
The LUDF herd was milked twice a day and a fresh grazing area for the subsequent 24h was 
allocated every afternoon post their second milking at approximately 1700h. The cows grazed 
a leaf dominant, vegetative, high quality perennial ryegrass (cultivar; Bealey) in all seasons. 
The mean pre grazing and post grazing pasture mass in all seasons at the time of allocation was 
3000 ± 200 kgDM/ha and 1500 ± 50 kgDM/ha, respectively, based on LUDF weekly pasture 
measurements using a rising plate meter (Filip’s Electronic Folding Plate Meter EC-09, 
JENQUIP®), calibrated by seasons. Pasture mass in each allocated area for each of the 
experimental periods was assessed pre and post grazing with the calibrated rising plate meter. 
The calculated intake for each cow was 16 kg/DM/day, in all seasons. 
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3.2.2 General procedure 
3.2.2.1 Experiment 1 
The same three high-producing Holstein-Friesian dairy cows were used in three consecutive 
trials each of four days (spring 2009, then summer and autumn 2010). Mean live weight of the 
cows were 584 + 5 kg; 552 + 9 kg and 579 ± 6 kg for spring summer and autumn, respectively. 
Milk production 8week after calving was 34.7 + 3.8 litres milk/day and 4week before drying off 
was 18.1 + 3.3 litres milk/day. Every day the cows were removed from their paddock at 0430h 
for morning milking and returned to their paddock at 0700h. For afternoon milking the cows 
were removed from the paddock at 1430h and returned at 1700h, where they received a new 
fresh pasture allocation. 
Pasture mass was measured daily for each break and pasture samples were taken by walking 
diagonal lines, and taking a 10 cm2 hand-plucked sample to 2.5cm height (1450 kgDM/ha) 
within the leaf horizon, every 6th step. Samples were immediately frozen at -20°C for later 
chemical analysis. A summary of the general procedure for the experiment 1 is shown in Figure 
3.1. 
3.2.2.1.1 Rumen fill and fluid fractional disappearance rate 
To quantify diurnal variations of the rumen pools, three rumen evacuations were carried out for 
each animal at 16h intervals to preclude any effects on rumen function, in each of the three 
seasons. The first rumen evacuation was performed at 0900h (day 3); the second and third 
rumen evacuations were carried out at 0100h and 1700h, respectively (day 4). The evacuation 
times were chosen to be representative of the assumed minimal (0900 and 1700h) and maximal 
(0100h) periods of rumen fill. Cows were weighed prior to, and immediately after rumen 
evacuation. Rumen evacuations were executed as described by Taweel et al (2005b) with some 
minor modifications as explained below. 
Rumen contents were emptied manually, using portable yards at the site of grazing, into an 
insulated container inside a bucket of sufficient warm water to maintain the temperature of the 
removed rumen contents at 38ºC ± 1.5. All the digesta was weighed, fully mixed and sampled 
for later analyses. Two of the fistulated cows were rumen-evacuated simultaneously and the 
time required for each evacuation was recorded and kept under 30min. Before and after each 
rumen evacuation the animals had full access to pasture and water to mimic as close as possible 
the typical grazing management of the herd. Standardisation of the grazing allocations was 
ensured using individual hot wire confinement for each cow with pre and post grazing pasture 
mass assessment. 
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To estimate rumen fluid fractional disappearance rate, the external marker PEG 4000 was added 
to the rumen contents during the first evacuation on day 3 0900h (80g of PEG 4000 in 500ml 
of water). A second dose of PEG was added directly to the rumen through the rumen cannula 
24h after the first application (day 4 at 0900h). 
 
3.2.2.1.2 Rumen environment, faecal and urine assessment  
To determine the diurnal pattern of rumen metabolites and rumen pH, on day 2 rumen content 
samples (solid and fluid) were taken from the ventral sac every two hours for a period of 24h. 
The pH of the rumen fluid samples was immediately measured using a pH probe (Ionode IJ-44, 
Brisbane, Australia) and temperature sensor (PT-100. Bell Technology, Auckland, NZ). 
Additionally to the two hourly sampling of rumen content, representative samples of faeces and 
urine were simultaneously sampled for later analyses. 
 
Figure 3.1. General schedule in all seasons for experiment one of sampling, rumen evacuations (R.E) 
and, infusions of the external marker polyethylene glycol (PEG). Rumen fluid fractional disappearance 
rate (%/h) was calculated between 0900h (day 3) and 1700h; and 0900h (day 3) and 0100h. Ventral sac, 
faeces and urine sampling was conducted (24h sampling). 
 
3.2.2.2 Experiment 2 
Three high-producing Holstein-Friesian dairy cows (556 + 74 kg BW) in mid lactation were 
used. The cows produced 21.7 ± 5.2 kg/day of milk a day at the start, and 22 ± 3.1 kg/day at 
the end of the experiment during spring over the five days of the experiment. Pasture allocation 
and milking management were described in section 3.2.1. 
3.2.2.2.1 Rumen fill and rumen fluid fractional disappearance rate 
Four rumen evacuations, performed as in experiment one, were carried out for each cow every 
8h, from 0100h to 0900h and from 1700h to 0100h (Figure 3.2). Within the two consecutive 
rumen evacuations the cows were fasted with water available all the time. Prior to and between 
periods of rumen evacuations cows were grazed as described in section 3.2.1. In brief, for the 
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first period of rumen evacuations (0100 – 0900h) the cows were removed from the paddock at 
0100h and returned to their paddock just after the second rumen evacuations (0900h). In the 
second period of rumen evacuations, the cows left their paddock at 1430h for afternoon milking 
and they returned to their paddock after the second rumen evacuation (0100h). 
 
To estimate rumen fluid fractional disappearance rate within each rumen evacuation period 
PEG was added to the mixed rumen content in day 2 (0100h) and day 4 (1700h) as described 
for experiment one (section 3.2.2.1.1). Rumen samples for PEG assessment were taken after 
adding the external marker at 0100 and 1700h and 8h after the addition of the marker at 0900 
and 0100h, respectively. 
 
 
Figure 3.2. General schedule of adaption, rumen evacuation (R.E.), mixing of polyethylene glycol with 
rumen contents and access to feed during experiment two. Rumen fluid fractional disappearance rate 
(%/h) was calculated between 0100h and 0900h (day 3); and 1700h and 0100h. 
 
3.2.3 Sample collection 
To calculate rumen pool DM a duplicate sample (250g) of thoroughly mixed rumen digesta 
(solid + liquid phase) was collected for each rumen evacuation on all cows. Rumen digesta 
(250g) was collected at each rumen evacuation for NDF, ADF and total N analyses and a further 
600g for iNDF assessment. 
Indigestible neutral detergent fibre assessment 
Indigestible NDF was determined by the in sacco technique (Ahvenjarvi et al., 2001). Nylon 
bags (6 x 12cm; 11µm pore size), were filled with 5g DM of rumen digesta from each rumen 
evacuation which had been freeze dried and ground to pass through a 4mm screen. Triplicate 
bags of rumen digesta were incubated for a period of 288h in the ventral sac of the rumen of 
four cannulated dry cows under grazing conditions as described in Chapter 4. 
 
 52 
Rumen volatile fatty acids and ammonia assessment 
To determine diurnal patterns in rumen metabolites, 60ml of rumen fluid was collected by 
straining rumen contents through a double layer muslin cloth with immediate storage in an ice 
slurry and then snap frozen at -20ºC in a forced air unit. The pH of these samples was measured 
immediately (pH electrode model IJ44A/C, Ionode, Australia). Samples for NH3 analysis were 
acidified to below 3.0 pH with 1ml of 6M sulphuric acid. The same protocols for sample 
collection were used as during rumen evacuations. 
Faecal and urine assessment 
During day 2, 3 and 4 (experiment one), urine and rectal faecal samples were collected from 
the cows. Mid-stream urine was collected after stimulation of the vulva and acidified by the 
addition of 1ml of 6M sulphuric acid. Mid-stream faecal samples were collected after 
stimulation to induce defecation. Sample pH was measured immediately after collection of urine 
and faeces and all samples were placed in ice slurry prior to snap freezing at -20°C. 
Rumen fluid fractional disappearance rate 
To determine rumen fluid fractional disappearance rate, a representative sample of 30ml of 
rumen fluid was collected at each rumen evacuation, snap frozen and stored at -20ºC for later 
assessment. 
3.2.4 Method of analysis 
3.2.4.1 Rumen liquid phase 
Volatile fatty acids 
Volatile fatty acid concentrations were determined by minor modifications of the protocol 
described by Chen and Lifschitz (1989) using gas chromatography (Shimadzu GC-2010). 
Frozen samples were thawed overnight at 4 ºC, mixed and a 2ml aliquot was then removed for 
analyses. Each 2ml subsample was centrifuged at 13,000 rpm for 30min at 4ºC using a table-
top micro-centrifuge. From this sample, 100µl of the rumen supernatant was placed into 2ml 
eppendorff tube containing 20µl of the internal standard (ISTD) and 40µl of metaphosphoric 
acid. Samples were then vortexed and placed in the fridge at 4ºC for 30min. After refrigeration, 
samples were diluted 10 fold with acetone and water (50/50) and re-vortexed before being 
centrifuged at 13,000 rpm for 15min at 4ºC. The remaining liquid phase was filtered through a 
0.22µm nylon syringe filter into a previously labelled autosampler vial for subsequent analyses. 
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Ammonia and urea 
Ammonia and urea concentrations were determined with an auto analyzer (Roche Cobas Mira 
Plus CC) using an enzymatic UV method to determine NH3 and a kinetic UV assay for urea. 
Frozen acidified samples were thawed overnight at 4ºC, mixed and a 2ml subsample was 
removed into an eppendorff tube. The 2ml subsamples were centrifuged at 13,000 rpm for 
30min at 4ºC using a table-top micro-centrifuge. Afterwards, samples were filtered through a 
0.45µl syringe top filter fitted to a 2ml syringe. A 50µl aliquot was then added to 950µl of 
deionised sterilised water in a vial suited to the auto-analyser prior to analysis. 
Mineral content and rumen fluid osmolarity 
Five ml from the initial VFA sample was centrifuged at 13,000 rpm for 30min at 4ºC (Beckman 
centrifuge, JA20 rotor) and the supernatant was analysed for mineral content via an inductively 
coupled plasma optical emission spectrometer (Varian 720 axial view, Palo Alto, California, 
USA). Rumen fluid osmolarity of the rumen fluid in the remaining supernatant was measured 
with vapour pressure osmometer (Wescor Vapro®, Wescor Inc., Logan, Utah USA). 
Rumen fluid fractional disappearance rates 
Rumen fluid fractional disappearance rates was determined by turbid metric estimations of PEG 
concentration in rumen fluid from each rumen evacuation following the protocols of Malawar 
and Powell (1967, as cited in Odoi, 1985) with some minor modifications using a 
spectrophotometer (Shimadzu UV mini- 1240 UV VIS, Japan) set at a wavelength of 0.65nm 
and a slit width of 0.04mm. PEG concentrations in rumen fluid (mg/100ml) were read off a 
standard curve of a standard solution of known PEG concentrations (0, 5, 10, 25, 50, and 75 
mg/100ml). 
3.2.4.2 Rumen solid phase 
Rumen dry matter 
To calculate rumen DM, rumen content was oven dried (forced-air oven) at 65°C to a constant 
weight. 
Rumen neutral and acid detergent fibre, indigestible neutral detergent fibre and total nitrogen 
Rumen digesta samples were freeze-dried and milled through a 1mm screen centrifugal rotor 
mill (Retsch- ZM, Haan, Germany) before being analysed for NDF, ADF and total N. Neutral 
detergent fibre was determined gravimetrically, by extraction with Sodium Lauryl Sulphate, 
Ammonium Pentaborate and EDTA, whereas ADF was determined by the addition of 
Cetyltrimethylammonium bromide and Sulphuric acid. Both extractions were as described by 
Van Soest, (1991). 
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Indigestible NDF was determined by 288h rumen in situ incubation. Residues were ground 
through a 1mm screen in a ZM200, Retsch grinder and bulked per sample followed by neutral 
detergent extraction (Van Soest et al., 1991). Total N concentration was measured using the 
elementor analyser Vario Max CN which used catalytic tube combustion under oxygen supply 
and high temperatures. 
3.2.4.3 Chemical composition of pasture 
Pooled grass samples from each experiment were freeze dried and milled through a 1mm screen 
centrifugal rotor mill (Retsch- ZM, Haan, Germany) and analysed for NDF, ADF, total N and 
ash as described above. Water soluble carbohydrate content was analysed as described by 
Pollock & Jones (1979) and dry matter digestibility (DMD) was determined by NIR (Corson et 
al., 1999). 
3.2.4.4 Urine and faecal samples 
Frozen acidified urine samples were thawed overnight at 4ºC and then agitated. A 2ml 
subsample was removed into an eppendorff tube for NH3, urea and total N analyses, and a 5ml 
subsample for minerals as described above. Faecal samples were also thawed overnight at 4ºC 
and then mixed thoroughly. A subsample (30 g) was removed and centrifuged at 13000 rpm for 
30min at 4°C (Beckman J2- MI- SS, Corona, California, USA). The supernatant was removed 
and split into three containers for NH3 and VFA analyses (2ml each) and for mineral analysis 
(5ml) as described in 3.2.4.1. 
3.2.5 Calculations 
Rumen DM pool (kg) was calculated from the total fresh weight of the rumen contents and the 
percentage DM at each rumen evacuation. Neutral detergent fibre and ADF pool were 
calculated from the total rumen DM pool and the percentages of these components in the rumen 
contents. The iNDF pool was calculated from the DM residual after 288h of incubation and the 
percentage of NDF present in the samples. Potentially digestible NDF pool was calculated as 
the difference between NDF pool and the iNDF pool1. 
Rumen environment during rumen evacuations was assessed by the measurement of rumen pH, 
NH3, N, VFA, minerals and osmolarity. The diurnal pattern of the fermentation end products 
(such as pH, total VFA, NH3) were calculated from the data of the 24h sampling in experiment 
one. Rumen fluid fractional disappearance rate was estimated from the initial concentration of 
                                                 
1 Ash was included in all iNDF and pdNDF values. 
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the marker (PEG) at each rumen evacuation time (volume x PEG concentration) and the 
percentage that had disappeared from the rumen at subsequent evacuation intervals. 
To estimate rumen pool variation within the diurnal cycle in spring, summer and autumn in 
experiment one, data from rumen evacuation results were compared at 8h intervals by 
comparing rumen evacuation 1 with 3, 3 with 2 and 2 with 1 (Figure 3.1). Such comparisons 
rely on the same allocation of high quality grass on two consecutive days. 
Estimations of the rumen pool fractional disappearance rate (kcl; %/h) of the data collected 
from experiment one and two, were calculated as described by Taweel (2004) and Reid (1965). 
The fractional disappearance rate was calculated on the assumption of first-order kinetics using 
the logarithmic transformation of the exponential equation: 
RP(a) = RP(b) × exp-kcl × t 
 
Where RP is rumen pool size (kg); t is the time elapsed between rumen evacuations; (a) is the 
volume of the rumen present at any subsequent time (the “second” evacuation); (b) is the 
volume of the rumen present at time zero (the first evacuation); and kcl is the fractional 
disappearance rate between the sampling times of 0100h and 0900h where in experiment 1 it 
was assumed that little intake occurred (see later discussion). In experiment 2 the two times 
used were the start and end of fasting periods (Figure 3.2). 
 
3.2.6 Statistical analyses 
Rumen pool DM, NDF, ADF, iNDF, pdNDF, total N, and rumen metabolites during rumen 
evacuations were statistically analysed using the analysis of variance (ANOVA) procedure of 
GenStat (version 15; VSN International Ltd, Hemel Hempstead, UK). Two models were used 
to analyse the data; Seasons x Time with time as a treatment and cows as a block; and Time x 
Seasons with season as a treatment and cows as block. 
Rumen fermentation end products for the 24h sampling were calculated from the mean area 
under the curve for the two hour period between consecutive samplings. Results were then 
blocked in 8h intervals and subjected to ANOVA using the same model as above. The 
relationship between rumen NDF pool variation and rumen metabolites was explored with 
linear regression analyses. 
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3.3 Results 
3.3.1 Grass composition 
The chemical composition of the sampled grass from each experimental period is shown in 
Table 3.1. Summer pasture had the lowest DMD (77.8%) among the seasons. Pasture OM was 
relatively constant in all seasons. Autumn and summer grass had the highest and lowest CP 
concentration respectively (24.8% and 17.6%). Water soluble carbohydrate concentration was 
highest in spring (21.1% and 20.9%), lowest in autumn (6.7%) and only moderately higher in 
summer (11.6%). Neutral detergent fibre and ADF concentrations (38.4% and 24.4%, 
respectively) were highest in summer pasture and lowest in spring (29% NDF and 17% ADF) 
in both 2009 and 2010. 
 
Table 3.1. Chemical composition of perennial ryegrass (% DM) for each season, determined by near 
infrared spectroscopy for DMD and wet chemistry analysis for OM, CP, WSC, NDF and ADF. 
% DM Spring 2009 Summer 2010 Autumn 2010 Spring 2010 
DMD 85.4 77.8 80.8 82.1 
OM 88.5 88.5 88.5 87.3 
CP 23.4 17.6 24.8 20.4 
WSC 21.1 11.6 6.7 20.9 
NDF 29.6 38.4 36.4 29.4 
ADF 17.4 24.4 23.2 17.2 
DMD, dry matter digestibility; OM, organic matter; CP, crude protein; WSC, water soluble carbohydrate; NDF, 
neutral detergent fibre; ADF, acid detergent fibre. 
 
3.3.2 Rumen pool 
3.3.2.1 Experiment 1 
Results of time of rumen evacuation within each season (season x time model) on rumen wet 
mass and rumen pools of DM, OM, NDF, ADF, iNDF, pdNDF and total N at 1700h, 0100h and 
0900h, are presented in Table 3.2 and Table 3.3. Values are expressed in kg (Table 3.2) and 
g/kg BW (Table 3.3). 
Rumen mass increased (in kg and in g/kg BW) significantly from 1700h to 0100h in spring (P 
< 0.001; P = 0.001, respectively) and autumn (P < 0.01; P = 0.001, respectively). However, 
rumen mass declined from 0100h to 0900h in spring (P < 0.001; P = 0.001, respectively) and 
autumn (P < 0.01; P = 0.001, respectively). Additionally, the rumen DM pool (in kg and in g/kg 
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BW) increased significantly (P < 0.001) in autumn from 1700h to 0100h and in spring (P < 
0.05). Rumen OM pool size followed a similar trend to the rumen DM pool in both autumn and 
spring. In autumn both rumen pools (NDF and ADF) at 0100h were much greater (P < 0.001) 
than at 0900h and 1700h. In spring rumen NDF and ADF content (in kg) at 0100h were also 
significantly (P < 0.05) higher than at 0900h and 1700h. However, no differences in the rumen 
NDF and ADF content was found between 0900h and 1700h in any season. 
Significant differences in the iNDF pool were only found in autumn. The iNDF pool at 0100h 
was 490g and 340g higher than at 0900h and 1700h (P < 0.05; Table 3.2). Additionally, the 
pdNDF pool (kg) in spring and autumn at 0100h was significantly higher than at 0900h and 
1700h (P < 0.05; P < 0.001, respectively). Total N content (kg) in autumn and spring at 0100h 
was significantly higher than at 0900h and 1700h (P < 0.001 and P < 0.05, respectively). 
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Table 3.2. The effect of time within each season on the mean rumen mass and mean rumen DM, OM, 
NDF, ADF, iNDF, pdNDF and total N pools (kg) within a 24 hour period for each season. 
Time (h) Rmass RDM ROM RNDF RADF RiNDF RpdNDF RTN 
Spring         
1700 93 8.77 7.68 4.56 2.42 1.03 3.53 0.32 
0100 111 13.75 12.12 6.93 3.77 1.42 5.50 0.51 
0900  88 9.16 8.05 4.62 2.50 1.33 3.30 0.35 
s.e.m 1.50 0.83 0.76 0.50 0.26 0.29 0.41 0.03 
LSD (5%) 5.88 3.25 2.99 1.95 1.00 1.14 1.62 0.12 
P value < 0.001 0.023 0.026 0.046 0.035 0.636 0.035 0.026 
Summer         
1700 94 8.92 7.75 4.61 2.59 1.77 2.85 0.29 
0100 113 10.67 9.34 5.69 3.13 2.02 3.68 0.36 
0900  87 8.45 7.36 4.41 2.41 1.85 2.56 0.28 
s.e.m 5.13 1.01 0.89 0.58 0.30 0.18 0.42 0.03 
LSD (5%) 20.13 3.96 3.50 2.29 1.17 0.72 1.65 0.13 
P value 0.051 0.357 0.349 0.348 0.314 0.651 0.264 0.323 
Autumn         
1700 81 6.96 5.87 2.80 1.51 1.31 1.49 0.28 
0100 138 14.53 12.53 6.20 3.74 1.65 4.55 0.60 
0900  76 6.16 5.22 2.36 1.27 1.16 1.20 0.26 
s.e.m 4.96 0.46 0.38 0.18 0.13 0.08 0.15 0.02 
LSD (5%) 19.48 1.82 1.51 0.72 0.53 0.33 0.59 0.07 
P value 0.002 < 0.001 < 0.001 < 0.001 < 0.001 0.032 < 0.001 < 0.001 
Rmass, rumen mass; RDM, rumen dry matter pool; ROM, rumen organic matter pool; RNDF, rumen neutral 
detergent fibre pool; RADF, rumen acid detergent fibre pool; RiNDF, rumen indigestible neutral detergent fibre 
pool; RpdNDF, rumen potentially digestible NDF pool; RTN, rumen total nitrogen pool. 
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Table 3.3. The effect of time within each season on the mean rumen mass and mean rumen DM, OM, 
NDF, ADF, iNDF, pdNDF and total N pools (g/kg BW) within a 24 hour period for each season. 
Time (h) Rmass RDM ROM RNDF RADF RiNDF RpdNDF RTN 
Spring         
1700 154 14.64 12.82 7.62 4.05 1.72 5.90 0.54 
0100 178 22.03 19.42 11.10 6.04 2.27 8.83 0.81 
0900  151 15.65 13.75 7.90 4.28 2.27 5.63 0.60 
s.e.m 1.91 1.36 1.25 0.83 0.42 0.48 0.67 0.05 
LSD (5%) 7.50 5.33 4.91 3.25 1.66 1.88 2.64 0.20 
P value 0.001 0.035 0.039 0.071 0.053 0.673 0.050 0.038 
Summer         
1700 169 16.16 14.03 8.35 4.70 3.20 5.15 0.53 
0100 188 17.70 15.48 9.43 5.17 3.34 6.09 0.59 
0900  155 15.09 13.15 7.88 4.30 3.30 4.58 0.51 
s.e.m 6.38 1.51 1.34 0.89 0.45 0.28 0.65 0.05 
LSD (5%) 25.05 5.95 5.27 3.49 1.75 1.11 2.54 0.20 
P value 0.054 0.532 0.522 0.512 0.453 0.939 0.350 0.508 
Autumn         
1700 140 12.04 10.16 4.84 2.62 2.26 2.58 0.49 
0100 214 22.61 19.50 9.66 5.82 2.57 7.09 0.94 
0900  130 10.64 9.03 4.07 2.19 2.00 2.07 0.46 
s.e.m 6.42 0.62 0.52 0.25 0.19 0.13 0.21 0.03 
LSD (5%) 25.19 2.43 2.02 0.98 0.75 0.50 0.81 0.10 
P value 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.084 < 0.001 < 0.001 
Rmass, rumen mass; RDM, rumen dry matter pool; ROM, rumen organic matter pool; RNDF, rumen neutral 
detergent fibre pool; RADF, rumen acid detergent fibre pool; RiNDF, rumen indigestible neutral detergent fibre 
pool; RpdNDF, rumen potentially digestible NDF pool; RTN, rumen total nitrogen pool. 
 
When comparing effect of season (time x season model; Table 3.4 and Table 3.5) rumen NDF 
and ADF content at 1700h in autumn was smaller than in spring and summer (P < 0.05); 
however, in autumn only pdNDF was significantly lower than in spring (P < 0.05). In addition, 
iNDF content (in kg and g/kg BW) at 1700h in summer was significantly higher (P < 0.05 and 
P < 0.01, respectively) than in spring and autumn. Furthermore, the pdNDF (g/kg BW, Table 
3.5) at 0100h in spring was significantly higher than in summer (P < 0.05) (Figure 3.3). 
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Figure 3.3. Contribution of potentially digestible neutral detergent fibre (pdNDF) and indigestible 
neutral detergent fibre (iNDF) to the rumen neutral detergent fibre (NDF) pool (kgDM) at 1700, 0100 
and 0900 hours in spring, summer and autumn. 
 
Table 3.4. The effect of season at each rumen evacuation time on the mean rumen mass and mean rumen 
DM, OM, NDF, ADF, iNDF, pdNDF and total N pools (kg) within a 24 hour period for each season. 
Season Rmass RDM ROM RNDF RADF RiNDF RpdNDF RTN 
1700h         
Spring 93 8.77 7.68 4.56 2.42 1.03 3.53 0.32 
Summer 94 8.92 7.75 4.61 2.59 1.77 2.85 0.29 
Autumn 81 6.96 5.87 2.80 1.51 1.31 1.49 0.28 
s.e.m 5.20 0.65 0.56 0.31 0.19 0.09 0.35 0.02 
LSD (5%) 20.43 2.56 2.21 1.21 0.73 0.37 1.38 0.09 
P value 0.264 0.173 0.128 0.023 0.028 0.012 0.035 0.476 
0100h         
Spring 111 13.75 12.12 6.93 3.77 1.42 5.50 0.51 
Summer 113 10.67 9.34 5.69 3.13 2.02 3.68 0.36 
Autumn 138 14.53 12.53 6.20 3.74 1.65 4.55 0.60 
s.e.m 10.37 1.38 1.19 0.73 0.39 0.40 0.36 0.05 
LSD (5%) 40.70 5.41 4.67 2.85 1.51 1.58 1.41 0.20 
P value 0.239 0.228 0.235 0.536 0.479 0.614 0.056 0.060 
0900h         
Spring 88 9.16 8.05 4.62 2.50 1.33 3.30 0.35 
Summer 87 8.45 7.36 4.41 2.41 1.85 2.56 0.28 
Autumn 76 6.16 5.22 2.36 1.27 1.16 1.20 0.26 
s.e.m 5.68 1.25 1.10 0.69 0.36 0.27 0.48 0.05 
LSD (5%) 22.29 4.90 4.31 2.69 1.43 1.04 1.86 0.19 
P value 0.322 0.311 0.278 0.141 0.129 0.269 0.081 0.478 
Rmass, rumen mass; RDM, rumen dry matter pool; ROM, rumen organic matter pool; RNDF, rumen neutral 
detergent fibre pool; RADF, rumen acid detergent fibre pool; RiNDF, rumen indigestible neutral detergent fibre 
pool; RpdNDF, rumen potentially digestible NDF pool; RTN, rumen total nitrogen pool. 
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Table 3.5. Effect of season within each rumen evacuation time on the mean rumen mass and mean 
rumen DM, OM, NDF, ADF, iNDF, pdNDF and total N pools (g/kg BW) within a 24 hour period for 
each season. 
Season Rmass RDM ROM RNDF RADF RiNDF RpdNDF RTN 
1700h         
Spring 154 14.64 12.82 7.62 4.05 1.72 5.90 0.54 
Summer 169 16.16 14.03 8.35 4.70 3.20 5.15 0.53 
Autumn 140 12.04 10.16 4.84 2.62 2.26 2.58 0.49 
s.e.m 7.79 1.04 0.89 0.49 0.29 0.16 0.56 0.04 
LSD (5%) 30.59 4.06 3.49 1.93 1.14 0.64 2.21 0.15 
P value 0.125 0.109 0.083 0.015 0.017 0.007 0.030 0.621 
0100h         
Spring 178 22.03 19.42 11.10 6.04 2.27 8.83 0.81 
Summer 188 17.70 15.48 9.43 5.17 3.34 6.09 0.59 
Autumn 214 22.61 19.50 9.66 5.82 2.57 7.09 0.94 
s.e.m 14.53 2.00 1.73 1.05 0.56 0.62 0.50 0.07 
LSD (5%) 57.04 7.86 6.78 4.14 2.19 2.43 1.96 0.29 
P value 0.295 0.276 0.281 0.532 0.567 0.513 0.042 0.069 
0900h         
Spring 151 15.65 13.75 7.90 4.28 2.27 5.63 0.60 
Summer 155 15.09 13.15 7.88 4.30 3.30 4.58 0.51 
Autumn 130 10.64 9.03 4.07 2.19 2.00 2.07 0.46 
s.e.m 9.63 2.11 1.86 1.16 0.62 0.45 0.81 0.08 
LSD (5%) 37.81 8.30 7.30 4.57 2.43 1.78 3.16 0.33 
P value 0.268 0.294 0.262 0.128 0.117 0.217 0.078 0.510 
Rmass, rumen mass; RDM, rumen dry matter pool; ROM, rumen organic matter pool; RNDF, rumen neutral 
detergent fibre pool; RADF, rumen acid detergent fibre pool; RiNDF, rumen indigestible neutral detergent fibre 
pool; RpdNDF, rumen potentially digestible NDF pool; RTN, rumen total nitrogen pool. 
 
Differences in rumen NDF and pdNDF content (in kg) between successive rumen evacuations 
periods (1700h to 0100h, 0100h to 0900h and 0900h to 1700h) have been referred to as fluxes, 
either positive or negative, and were calculated by subtracting values from the initial rumen 
emptying at the start of a period from those at the end of the period (Table 3.6 and Figure 3.4), 
for each season. In addition, rumen DM, NDF, pdNDF, iNDF, ADF and TN pool fractional 
disappearance rate (%/h) from 0100h to 0900h for each season is shown in Table 3.7. 
Within any season there appeared to be a common diurnal pattern as represented by fluxes for 
the three time periods in rumen NDF and pdNDF, although in many instances the differences 
were not significant. Between 1700 and 0100h there was a net gain in NDF and pdNDF which 
was followed by a period between 0100 and 0900h when the rumen lost DM by both digestion 
and passage and gained DM through limited intake. During the daytime from 0900 to 1700h 
there appeared to be a minor net gain in rumen NDF and pdNDF (Figure 3.3). 
In spring the fluxes in NDF (4.68kg) and pdNDF (4.18kg), between 1700 and 0900h, were 
significant reflecting the difference between a higher level of fill at 0100h and the lower fill at 
0900h. In summer a smaller positive increase in contents at 0100h and smaller decline in rumen 
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NDF and pdNDF content at 0900h relative to spring, did not attain significance. However, in 
autumn the difference in NDF and pdNDF fluxes between successive time periods were all 
significant (Figure 3.4a, b). 
Fluxes in NDF and pdNDF within periods for all three seasons (Figure 3.4, a and b) again 
followed a diurnal pattern with a positive change between 1700 and 0100h, a negative value or 
decrease between 0100 and 0900h and a limited change at 0900 to 1700h. For NDF only the 
difference between summer and autumn (-1.28 vs. -3.85) was significant, but only when the 
unrestricted LSD was used (Saville, 2013). However, fluxes in pdNDF in autumn at both the 
1700 - 0100h and 0100 to 0900h were significantly greater than summer (3.06 vs. 0.83; -3.36 
vs. -1.11 respectively, Table 3.6). 
Rumen DM, NDF, pdNDF, ADF and total nitrogen fractional disappearance rate (%/h) was 
much faster in autumn than spring and summer (P < 0.05, Table 3.7). 
Table 3.6. Difference in rumen NDF and pdNDF (kgDM) fluxes at eight hour intervals between 
consecutive rumen emptyings. 















Spring 2.37 -2.31 -0.06 1.97 -2.21 0.24 
Summer 1.08 -1.28 0.20 0.83 -1.12 0.28 
Autumn 3.41 -3.85 0.44 3.06 -3.35 0.29 
s.e.m 0.69 0.54 0.48 0.36 0.41 0.20 
LSD (5%) 2.70 2.11 1.87 1.42 1.63 0.80 
P value 0.168 0.066 0.770 0.030 0.046 0.979 
NDF, neutral detergent fibre; pdNDF, potentially digestible neutral detergent fibre. 
 
Table 3.7. Rumen DM, NDF, pdNDF, iNDF, ADF and TN pool fractional disappearance rate (kcl, %/h) 




DM  NDF   pdNDF   iNDF   ADF  TN 
Spring 5.2  5.3  6.6  -1.3  5.3  4.8 
Summer 2.5  2.7  3.9  0.8  2.8  2.5 
Autumn 10.2  11.5  15.5  4.3  12.7  9.8 
s.e.m 1.1  1.4  1.8  1.4  1.3  0.9 
LSD (5%) 4.3  5.5  6.9  5.4  5.0  3.9 
P value 0.019  0.027  0.021  0.102  0.012  0.015 
kcl, fractional disappearance rate; DM, dry matter pool; OM, organic matter pool; NDF, neutral detergent fibre 




Figure 3.4 (a, b). Difference in (a) rumen neutral detergent fibre (NDF) and (b) rumen potentially 
digestible neutral detergent fibre (pdNDF) pool content (kg) between consecutive rumen evacuations in 
spring, summer and autumn. 
 
3.3.2.2 Experiment 2 
Rumen pools (in kg and g/kg BW) for each rumen evacuation are shown in Table 3.8 and Table 
3.9. A greater reduction in rumen pools was found between 0100h to 0900h, with the exception 
of iNDF pool that appeared to increase during that period of time even though the cows had no 





Table 3.8. Mean rumen mass, DM, ROM, RNDF, RADF, RiNDF, RpdNDF and total RTN pools (kg) 
for rumen evacuations in three lactating Holstein-Friesian cows at pasture in spring 2010 at 0100, 0900, 
1700 and 0100h. 
Time (h) Rmass RDM ROM RNDF RADF RiNDF RpdNDF RTN 
0100 111 12.91 10.76 5.02 3.72 1.57 3.45 0.55 
0900 72 7.10 6.07 3.18 2.32 1.79 1.39 0.29 
1700 66 6.01 5.04 2.78 1.90 1.81 0.97 0.23 
0100 62 3.57 2.95 1.65 1.11 1.36 0.28 0.13 
Rmass, rumen mass; RDM, rumen dry matter pool; ROM, rumen organic matter pool; RNDF, rumen neutral 
detergent fibre pool; RADF, rumen acid detergent fibre pool; RiNDF, rumen indigestible neutral detergent fibre 
pool; RpdNDF, rumen potentially digestible NDF pool; RTN, rumen total nitrogen pool. 
 
Table 3.9 Mean rumen mass, DM, ROM, RNDF, RADF, RiNDF, RpdNDF and total RTN pools (g/kg 
BW) for rumen evacuations in three lactating Holstein-Friesian cows at pasture in spring 2010 at 0100, 
0900, 1700 and 0100h. 
Time (h) Rmass RDM ROM RNDF RADF RiNDF RpdNDF RTN 
0100 174 20.35 16.97 7.94 5.90 2.48 5.46 0.86 
0900 123 12.07 10.32 5.41 3.94 3.03 2.37 0.50 
1700 116 10.54 8.84 4.87 3.36 3.17 1.70 0.40 
0100 108 6.24 5.16 2.87 1.94 2.38 0.50 0.23 
Rmass, rumen mass; RDM, rumen dry matter pool; ROM, rumen organic matter pool; RNDF, rumen neutral 
detergent fibre pool; RADF, rumen acid detergent fibre pool; RiNDF, rumen indigestible neutral detergent fibre 
pool; RpdNDF, rumen potentially digestible NDF pool; RTN, rumen total nitrogen pool. 
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Rumen pool fractional disappearance rate (%/h) for DM, NDF, pdNDF, iNDF, ADF and total 
N between rumen evacuation (0100h - 0900h and 1700h -0100h) are shown in Table 3.10. The 
iNDF pool fractional disappearance rate from 1700h to 0100h was significantly faster than the 
fractional disappearance rate between 0100h to 0900h (P < 0.001). 
Table 3.10. Rumen DM, NDF, pdNDF, iNDF, ADF, and TN pools fractional disappearance rate (kcl; 
%/h) within rumen evacuations. 
Time (h) 
Kcl (%/h) 
DM NDF pdNDF iNDF ADF TN 
0100 - 0900 7.2 5.4 10.6 -1.7 5.6 7.6 
1700 - 0100 6.3 6.4 25.6 3.5 6.3 7.0 
s.e.m 0. 3 0.2 6.2 0.0 0. 3 0.7 
LSD (5%) 1.7 1.5 37.6 0. 2 1.6 4.0 
P value 0.154 0.106 0.229 < 0.001 0.215 0.608 
kcl, fractional disappearance  rate; DM, dry matter pool; OM, organic matter pool; NDF, neutral detergent fibre 
pool; ADF, acid detergent fibre pool; iNDF, indigestible NDF pool; TN, total nitrogen pool. 
 
3.3.3 Rumen environment assessment 
3.3.3.1 Experiment 1 
The effect of time within each season on rumen environment and fermentation end products are 
shown in Table 3.11 for each season. 
Rumen pH 
Rumen pH in autumn at 0100h was significantly lower than at 0900h and at 1700h (P = 0.001), 
while rumen pH in summer at 0100h was significantly lower than at 1700h (P < 0.05). 
Total VFA and molar proportions of acetic, propionic and butyric acid 
Total VFA concentration in autumn at 0100h was significantly higher than at 0900h and 1700h 
(P < 0.05). In addition, acetic acid (mol/mol VFA) in spring and autumn at 0100h was 
significantly lower than at 0900h and 1700h (P < 0.05), while in summer molar proportions of 
acetic acid at 0100h was lower than at 0900h (P < 0.05). Propionic acid (mol/mol VFA) in 
spring, summer and autumn at 0100h was significantly higher than at 0900h and 1700h (P < 
0.05). Butyric acid (mol/mol VFA) in spring at 0100h was also higher than at 0900h and 1700h 
(P < 0.05). 
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Significant differences in acetate to propionate ratio (A/P) were found in spring, summer and 
autumn (P < 0.05). The A/P ratio in spring, summer and autumn at 0100h was lower than at 
0900h and 1700h. 
Ammonia-nitrogen concentration 
In spring, summer and autumn at 0100h NH3-N concentration was higher than at 0900h and 
1700h (P < 0.05). However, in summer the NH3-N concentration at 1700h was also higher than 
at 0900h (P < 0.001). 
Minerals concentration and Osmolarity 
Spring and summer had the lowest total mineral concentration in the rumen and autumn the 
highest (at 0100h), however no time effect on mineral concentration was found within a season. 
In spring rumen osmolarity at 0100h was significantly higher than at 0900h and 1700h (P < 
0.05) but not was influenced in either summer or autumn by time of rumen emptying. 
Table 3.11. The effect of time of rumen emptying within each season on rumen environment (pH, 
























































Spring          
1700 5.52 111 0.622 0.239 0.121 2.61 74 4337 287 
0100 5.51 132 0.581 0.248 0.144 2.35 236 3989 337 
0900 5.66 122 0.619 0.235 0.118 2.64 107 4295 307 
s.e.m 0.08 4.4 0.007 0.002 0.003 0.05 31.6 101.1 6.8 
LSD (5%) 0.31 17.1 0.028 0.009 0.013 0.21 124.0 397.0 26.9 
P value 0.404 0.074 0.027 0.041 0.011 0.034 0.046 0.131 0.016 
Summer          
1700 6.54 107 0.692 0.179 0.097 3.86 124 4189 287 
0100 5.74 122 0.660 0.195 0.109 3.42 164 3897 271 
0900 6.14 120 0.708 0.179 0.089 3.99 71.2 4053 282 
s.e.m 0.12 6.5 0.008 0.003 0.005 0.08 4.2 140.8 14.0 
LSD (5%) 0.48 25.5 0.033 0.012 0.021 0.30 16.5 552.8 55.0 
P value 0.024 0.344 0.036 0.032 0.133 0.014 <0.001 0.422 0.720 
Autumn          
1700 6.53 99 0.694 0.189 0.097 3.69 169 4005 337 
0100 5.76 144 0.641 0.213 0.118 3.02 434 4452 331 
0900 6.57 111 0.686 0.192 0.100 3.58 147 4136 338 
s.e.m 0.06 7.2 0.008 0.004 0.009 0.09 24.9 131.5 32.1 
LSD (5%) 0.24 28.3 0.033 0.014 0.034 0.35 97.7 516.3 125.9 
P value 0.001 0.026 0.022 0.020 0.311 0.012 0.002 0.157 0.986 
Total VFA are expressed in mmol/L; acetic, propionic and butyric acids are expressed as mol/mol total VFA; A/P 
= ratio of acetate (A) to propionate (P); NH3-N is expressed in mg/L; Minerals are expressed in mg/kg; Osmolality 
is expressed in mOsm/L. 
 
 67 
The effect of season on rumen environment and metabolic end products at each rumen 
evacuation time are shown in Table 3.12. 
Rumen pH 
Significant differences in rumen pH among seasons were found at both 0900h and 1700h (P = 
0.01 and P < 0.01, respectively). At 0900h rumen pH in spring was lower than in summer and 
autumn, and rumen pH in summer was also significantly lower than in autumn; while at 1700h 
only rumen pH in spring was significantly lower than in summer and autumn. 
Total VFA concentration and molar proportions of acetic, propionic and butyric acid 
Total VFA concentration was not influenced by season at each period of rumen evacuation; 
however, the molar proportions of individual VFAs were affected. Molar proportion of acetic 
acid at 0900h in spring was lower than in summer and autumn (P < 0.01). However, at 1700h, 
the proportion in spring was only significantly lower than that in autumn (P < 0.01), and the 
proportion at 0100h in spring was lower than both summer and autumn (P < 0.01). Propionic 
acid (mol/mol VFA) at 0900h, 1700h and 0100h in spring was significantly greater than in 
summer and autumn (P = 0.001, P < 0.001 and P < 0.01, respectively). The acetic to propionic 
ratio at 0900h and 1700h differed significantly among seasons (P < 0.01 and P < 0.001, 
respectively), but at 0100h the A/P ratio in spring only was significantly lower than in summer 
and autumn (P < 0.01). 
Ammonia-nitrogen concentration 
Ammonia - nitrogen concentration at 0900h and 0100h in autumn was significantly greater than 
in spring and summer (P < 0.05 and P < 0.01, respectively). 
Minerals concentration and Osmolarity 
Mineral concentration ranged from 3897mg/L (summer at 0100h) to 4452mg/L (autumn at 
0100h); and rumen osmolarity ranged from 271mOsm/L (summer at 0100h) to 338mOsm/L 
(autumn at 0900h), however no seasonal effect was found in mineral concentration or rumen 
osmolarity at each rumen evacuation time. 
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Table 3.12. The effect of season (spring, summer and autumn) at each of three evacuation times (1700h, 

























































1700h          
Spring  5.52 111 0.622 0.239 0.121 2.61 74 4337 287 
Summer 6.54 107 0.692 0.179 0.097 3.86 124 4189 287 
Autumn 6.53 99 0.694 0.189 0.097 3.69 169 4005 337 
s.e.m 0.10 3.4 0.007 0.004 0.008 0.08 18.6 75.7 13.1 
LSD (5%) 0.40 13.5 0.029 0.014 0.031 0.33 73.1 297.2 51.6 
P value 0.003 0.145 0.004 <0.001 0.168 <0.001 0.054 0.086 0.084 
0100h          
Spring  5.51 132 0.581 0.248 0.144 2.35 236 3989 337 
Summer 5.74 122 0.660 0.195 0.109 3.42 164 3897 271 
Autumn 5.76 144 0.641 0.213 0.118 3.02 434 4452 331 
s.e.m 0.05 8.3 0.009 0.005 0.009 0.11 29.5 229.4 22.0 
LSD (5%) 0.20 32.7 0.036 0.020 0.034 0.43 115.7 900.9 86.2 
P value 0.052 0.273 0.008 0.004 0.095 0.005 0.007 0.296 0.175 
0900h          
Spring  5.66 122 0.619 0.235 0.118 2.64 107 4295 307 
Summer 6.14 120 0.708 0.179 0.089 3.99 71 4053 282 
Autumn 6.57 111 0.686 0.192 0.100 3.58 147 4136 338 
s.e.m 0.11 3.7 0.007 0.004 0.008 0.10 9.2 113.8 25.4 
LSD (5%) 0.42 14.4 0.026 0.016 0.031 0.38 36.1 446.7 99.8 
P value 0.010 0.196 0.002 0.001 0.135 0.002 0.011 0.399 0.393 
Total VFAs are expressed in mmol/L; acetic, propionic and butyric acids are expressed as mol/mol total VFA; A/P 
= ratio of acetate (A) to propionate (P); NH3-N is expressed in mg/L; Minerals are expressed in mg/kg; Osmolality 
is expressed in mOsm/L. 
 
The diurnal patterns of rumen environment and fermentation end products for each season are 
shown in Figure 3.5. Additionally, the mean concentration of the major minerals (Ca, K, Mg, 
Na and P) in the rumen fluid of the three grazing dairy cows at 2h intervals in a 24h period in 
spring, summer and autumn are listed in the appendix of this thesis (Table A. 1). 
Rumen pH 
Rumen pH followed a similar diurnal pattern in each season with an immediate decline in the 
pH after access to a new 24h allocation of pasture at 1700h. Rumen pH was consistently lowest 
in spring and predominantly highest in autumn. 
Total VFA concentration 
Total VFA concentration increased after the animals received their new 24h pasture allocation. 
In autumn, the total VFA concentration increased gradually until 0500h reaching values of 
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nearly 200mmol/L; in spring and summer the increase of VFA occurred immediately post 
feeding and remained relatively steady until 0700h. 
Ammonia - nitrogen concentration 
A clear peak of NH3-N concentration in rumen fluid was found after allocation of the new 24h 
grazing break at 1700h in each season. The NH3-N peak concentration in spring and summer 
occurred around 6h post initiation of feeding, while that in autumn was approximately 8h post 
initiation of feeding. Diurnal patterns of NH3-N concentrations in rumen fluid were highest in 
autumn and lowest in summer. 
Minerals concentration and rumen osmolarity 
A sharp increase in mineral concentration in rumen fluid was seen in summer (1900h). A similar 
pattern occurred in spring (2100h); whereas the increase of minerals concentration in autumn 
was gradual and peaked at 0100h. Rumen osmolarity in spring and summer followed a similar 
pattern peaking at 2100h and 1900h respectively. Osmolarity in autumn, while also peaking at 











Figure 3.5. Diurnal pattern of pH, total volatile fatty acids (VFA), ammonia-nitrogen (NH3-N), total 
mineral concentration and osmolarity derived from rumen samples taken at two hourly intervals in 
spring, summer and autumn; bars represents standard error of the means (s.e.m). 
 
The effect of time on rumen environment and fermentation end products is shown Table 3.13. 
Rumen environment and fermentation end products values were arranged into three successive 
blocks each of eight hours (1700h to 0100h; 0100h to 0900h and 0900h to 1700h). 
Rumen pH 
Highly significant differences (P < 0.001) in autumn rumen pH were found between periods 
with the highest values at 0900 – 1700h and the lowest at 0100 – 0900h. Summer rumen pH 
from 0900h to 1700h was higher than the pH from 1700h to 0100h and from 0100h to 0900h 
(P < 0.01). 
Total VFA concentration and molar proportions of acetic, propionic and butyric acid 
Total VFA concentration in autumn differed significantly between periods (P < 0.01), while in 
summer the total VFA concentration from 0900h to 1700h was significantly lower than the 
1700h to 0100h period (P < 0.05). In summer, significant differences in the molar proportions 
of acetic acid were found between periods (P < 0.05) and the acetic to propionic ratio from 
0900h to 1700h was greater than in the other two periods (P < 0.05). 
Ammonia nitrogen concentration 
Ammonia nitrogen concentration from 1700h to 0100h in summer was significantly higher (P 
< 0.001), than that from 0900h to 1700h or from 0100h to 0900h as production did not differ 
between these latter two periods. In autumn NH3-N concentration was highest between 1700h 
and 0100h and lowest between 0900h to 1700h with output between 0100h and 0900h 
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intermediate between the previous time periods. Differences between all periods were 
significant (P < 0.01). 
Mineral concentration and rumen osmolarity 
Mineral concentration and rumen fluid osmolarity were relatively similar within each season 
and no time effect on rumen environment and fermentation end products were found. 
Table 3.13. Effect of time on the diurnal pattern of rumen environment and fermentation end products 























































Spring          
1700h - 0100h 5.45 159 0.580 0.228 0.131 2.55 242 4612 298 
0100h - 0900h 5.50 157 0.610 0.212 0.123 2.90 208 4346 270 
0900h - 1700h 5.56 153 0.605 0.225 0.123 2.69 187 4442 278 
s.e.m 0.02 6.0 0.007 0.014 0.005 0.21 12.2 140.4 13.4 
LSD (5%) 0.08 23.7 0.027 0.056 0.021 0.81 48.0 551.2 52.6 
P value 0.050 0.779 0.070 0.719 0.497 0.536 0.079 0.469 0.411 
Summer          
1700h - 0100h 5.79 113 0.625 0.200 0.115 3.17 242 4331 309 
0100h - 0900h 5.93 106 0.654 0.198 0.098 3.34 89 4038 274 
0900h - 1700h 6.55 88 0.692 0.183 0.096 3.83 95 3771 260 
s.e.m 0.08 4.9 0.007 0.004 0.006 0.08 9.0 116.8 10.4 
LSD (5%) 0.32 19.2 0.027 0.016 0.248 0.32 35.4 458.5 40.7 
P value 0.006 0.049 0.007 0.078 0.171 0.011 < 0.001 0.066 0.063 
Autumn          
1700h - 0100h 6.45 124 0.683 0.202 0.087 3.65 304 4070 287 
0100h - 0900h 5.86 163 0.697 0.187 0.096 4.15 226 4264 326 
0900h - 1700h 6.99 82 0.684 0.183 0.104 3.76 171 4062 279 
s.e.m 0.05 8.9 0.014 0.013 0.005 0.51 13.9 115.9 22.1 
LSD (5%) 0.21 34.8 0.057 0.050 0.019 2.01 54.4 454.9 86.8 
P value <0.001 0.008 0.756 0.596 0.175 0.781 0.006 0.453 0.362 
Total VFA are expressed in mmol/L; acetic, propionic and butyric acids are expressed as mol/mol total VFA; A/P  
= ratio of acetate (A) to propionate (P); NH3-N is expressed in mg/L; Minerals are expressed in ppm; Osmolality 
is expressed in mOsm/L. 
 
The effect of season on rumen environment and fermentation end products in the periods from 
1700h – 0100h, 0100h to 0900h and from 0900h to 1700h, is shown Table 3.14. 
Rumen pH 
Highly significant differences among seasons were found in the periods from 0900h to 1700h 
and from 1700h to 0100h (P < 0.001) with the highest pH in both periods in autumn and the 
lowest in spring. In the period from 0100h to 0900h spring rumen pH was significantly lower 
than in summer and autumn (P < 0.01) where pH was the same. 
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Total VFA concentration and molar proportions of acetic, propionic and butyric acid 
In spring from 0900h to 1700h total VFA concentration was significantly higher than in summer 
and autumn (P = 0.001). Furthermore, in summer from 0100h to 0900h the total VFA 
concentration was lower than in spring and autumn (P < 0.05). 
Molar proportions of acetic acid were consistently lower in spring than in either summer or 
autumn in all three periods of measurement (P < 0.001, P < 0.01 and P < 0.05, for 0900h to 
1700h, 1700h to 0100h and 0100h to 0900h respectively). Although autumn proportions of 
acetic acid were generally higher when compared with summer or spring in both the 1700h to 
0100h and 0100h to 0900h periods these differences were only significant for the former period. 
Molar proportions of acetic acid were higher in summer than spring in both the 0900h -1700h 
(P < 0.001) and the 1700h - 0100h (P < 0.01) periods. 
The only difference in propionic acid concentrations among seasons occurred at 0900h - 1700h 
(P < 0.01) where spring was higher than both summer and autumn. Molar proportions of butyric 
acid were lower in autumn from 1700h to 0100h than in spring and summer (P < 0.05) but were 
not influenced by season in the other two sampling periods. In spring from 0900h to 1700h the 
A/P ratio was lower than in summer and autumn (P < 0.01) a consequence of the significant 
increases in propionic acid and the decrease in acetic acid. 
Ammonia – nitrogen concentration 
In summer from 0900h to 1700h and 0100h to 0900h, the concentration of NH3-N was 
significantly lower than in spring and autumn (P < 0.05 and P < 0.01, respectively), while in 
autumn from 1700h to 0100h the concentration of NH3-N was significantly higher than spring 
and summer (P < 0.05). 
Mineral concentration and Osmolarity 
In spring from 0900h to 1700h mineral concentration was significantly higher than in summer 




Table 3.14. The effect of season (spring, summer and autumn) on the diurnal pattern of rumen 


























































1700h – 0100h          
Spring 5.45 159 0.580 0.228 0.131 2.55 242 4612 298 
Summer 5.79 113 0.625 0.200 0.115 3.17 242 4331 309 
Autumn 6.45 124 0.683 0.202 0.087 3.65 304 4070 287 
s.e.m 0.05 10.2 0.008 0.008 0.006 0.27 9.5 114.5 35.5 
LSD (5%) 0.20 39.9 0.033 0.036 0.022 1.04 37.2 449.6 139.4 
P value < 0.001 0.069 0.003 0.109 0.012 0.099 0.015 0.069 0.908 
0100h – 0900h          
Spring 5.50 157 0.610 0.212 0.123 2.90 208 4346 270 
Summer 5.93 106 0.654 0.198 0.098 3.34 89 4038 274 
Autumn 5.86 163 0.697 0.187 0.096 4.15 226 4264 326 
s.e.m 0.05 9.3 0.015 0.013 0.007 0.44 15.9 104.8 27.4 
LSD (5%) 0.20 36.5 0.059 0.052 0.028 1.72 62.6 411.5 107.6 
P value 0.007 0.023 0.037 0.478 0.088 0.238 0.007 0.216 0.364 
0900h – 1700h          
Spring 5.56 153 0.605 0.225 0.123 2.69 187 4442 278 
Summer 6.55 88 0.692 0.183 0.096 3.83 95 3771 260 
Autumn 6.99 82 0.684 0.183 0.104 3.76 171 4062 279 
s.e.m 0.07 5.3 0.006 0.005 0.009 0.10 16.2 90.0 22.5 
LSD (5%) 0.26 20.7 0.022 0.020 0.035 0.40 63.6 353.3 88.3 
P value < 0.001 0.001 < 0.001 0.007 0.216 0.002 0.032 0.016 0.806 
Total VFA are expressed in mmol/L; acetic, propionic and butyric acids are expressed as mol/mol total VFA; A/P  
= ratio of acetate (A) to propionate (P); NH3-N is expressed in mg/L; Minerals are expressed in ppm; Osmolality 
is expressed in mOsm/L. 
 
3.3.3.2 Experiment 2 
Rumen environment and fermentation end products are shown in Table 3.15 for each rumen 
evacuation time in spring 2010. 
Rumen pH, total VFA concentration and molar proportions of acetic, propionic and butyric 
acid 
Rumen pH ranged from 5.54 at 0100h (first rumen evacuation after access to a new 24h pasture 
allocation at 1700h) to 7.07 at 0100 after being denied access to pasture at 1700h (fourth rumen 
emptying). Total VFA concentration was reduced slightly from the first rumen evacuation 
(134mmol/L at 0100h) to the second rumen evacuation (119mmol/L) at 0900h after no access 
to feed, and although the cows had access to pasture again between 0900h and 1700h, again at 
the third rumen emptying (109mmol/L at 1700h). After removal from pasture from 1700h to 
0100h total VFA concentration decreased to 58.9mmol/L at 0100h (fourth rumen emptying). 
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The molar proportion of acetic acid was increased from the first and third rumen evacuation 
(0100h and 1700h, respectively) to the second and fourth rumen evacuations (0900h and 0100h, 
respectively). On the other hand, the molar proportions of propionic acid followed the opposite 
trend, with a reduction between two consecutives rumen evacuations (0100h – 0900h and 1700h 
-0100h). Butyric acid concentration increased by 0.011mol/mol total VFA, or about 25% from 
0100h to 0900h. However, from 1700h to 0100h the concentration declined from 0.109 to 0.074 
mol/mol total VFA or by 32%. The A to P ratio increased between the two consecutives rumen 
evacuations (0100h – 0900h and 1700h - 0100h). 
Ammonia- nitrogen concentration 
Ammonia nitrogen concentration declined by 79% from 0100h to 0900h (197mg/L to 42mg/L) 
while from 1700h to 0100h NH3-N concentration increased from 62mg/L to 100mg/L or 61%. 
Total Mineral concentration and rumen osmolarity 
Mineral concentration and rumen osmolarity were reduced from 0100h to 0900h and from 
1700h to 0100h. 
Table 3.15. Rumen environment (pH, osmolarity and mineral concentration) and rumen fermentation 
end products for each rumen evacuation time in spring 2010. 






















































0100h 1 5.54 134 0.666 0.254 0.044 2.65 197 6704 297 
0900h 2 6.43 119 0.730 0.199 0.055 3.67 42 6331 287 
1700h 3 6.77 109 0.687 0.189 0.109 3.63 62 5596 277 
0100h 4 7.07 59 0.716 0.183 0.074 3.91 100 4921 261 
Total VFA are expressed in mmol/L; acetic, propionic and butyric acids are expressed as mol/mol total VFA; A/P 
= molar proportions, where A is acetate and P is propionate; NH3-N is expressed in mg/L; Minerals are expressed 
in ppm; Osmolality is expressed in mOsm/L. 
 
3.3.4 Rumen fluid fractional disappearance rate 
Rumen fluid fractional disappearance rates for experiment one and two are shown in Figure 3.6 
and Figure 3.7, respectively. Fractional disappearance rates in experiment one are shown at 
intervals of 8 (from 0900h to 1700h) and 16h (from 0900h to 0100h) (Figure 3.1), while in 
experiment two the fractional disappearance rates are shown between the first (0100h) and 
second (0900h) rumen evacuations; and the third (1700h) and fourth (0100h) rumen emptying 
(Figure 3.2). 
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It is important to emphasise that in experiment one, the cows had access to pasture after each 
rumen evacuation, but in experiment two, the cows were fasted between the first and second 
and the third and fourth rumen evacuations. 
3.3.4.1 Experiment 1 
Rumen fluid fractional disappearance rate ranged from 20.1%/h (autumn) to 28.5%/h (spring) 
with summer intermediate at 24.8%/h, as estimated eight hours after PEG was mixed with the 
rumen contents without physically emptying the rumen. Rumen fluid fractional disappearance 
rate in spring was 3.7%/h and 8.4%/h faster than in summer and autumn, respectively (P < 
0.01). Fractional disappearance rate in summer was also 4.7%/h greater than autumn (P < 0.01) 
(Figure 3.6). 
Rumen fluid fractional disappearance rate 16h after rumen contents were mixed with PEG after 
the first rumen evacuation ranged from 19.2%/h (autumn) to 23.9%/h (spring); however no 
differences were found among any of the three seasons. Large variability between cows and a 
low mean fluid fractional disappearance rate was observed in autumn. 
 
Figure 3.6. Rumen fluid fractional disappearance rates in spring, summer and autumn eight hours and 
sixteen hours after rumen contents were mixed with the external marker PEG. 
 
3.3.4.2 Experiment 2 
Rumen fluid fractional disappearance rate between the first and second rumen evacuations 




Figure 3.7. Rumen fluid fractional disappearance rates between the first and second rumen evacuations 
(0100h -0900h) and the third and fourth rumen evacuations (1700h – 0100h) in spring 2010. 
 
3.3.5 Relationship between rumen neutral detergent fibre and potentially 
digestible neutral detergent fibre fluxes and rumen environment 
In experiment one, no relationship between the differences in NDF and pdNDF content (kg) 
between 0100h and 0900h (Figure 3.8 a, b) and the measured rumen fermentation parameters 
(pH, total VFA concentration, molar proportions of acetic, propionic and butyric acids, NH3-
N, minerals and osmolarity) was found. 
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(a) Relationship between the difference in rumen neutral detergent fibre (NDF) content (kg) 
from 0100h to 0900h and rumen environment and fermentation end products; ●spring, ○ 







(b) Relationship between the difference in rumen potentially digestible neutral detergent 
fibre (pdNDF) content (kg) from 0100h to 0900h and rumen environment and fermentation end 





   
  
Figure 3.8 (a, b). Relationship between in vivo differences in (a) rumen neutral detergent fibre (NDF) 
and (b) potentially digestible neutral detergent fibre (pdNDF) (kg) between 0100h and 0900h and rumen 
environment. 
 
3.3.6  Diurnal pattern of pH, volatile fatty acid concentration, ammonia-nitrogen, 
mineral concentration and osmolarity in faecal samples 
The diurnal pattern of pH, total VFA concentration (mmol/L), NH3-N (mg/L), mineral 
concentration (mg/L) and osmolarity (mOsm/L) in faecal samples taken every 2h from grazing 
cows are shown in Figure 3.9 for spring, summer and autumn. Least significant differences 
(LSD0.05) and P values are listed in the appendix of this thesis (Table A. 2). 
The diurnal pattern of faecal pH in spring was generally lower than in summer and autumn, 
especially between 2100h to 0900h. In spring total VFA concentration was higher than in 
summer and autumn, and had a peak concentration of 63mmol/L 2h post feeding. 
The NH3-N concentration was relatively similar among seasons; whereas mineral concentration 
pattern showed a shape decrease in summer and spring at 2100h and 2300h, respectively. In 
spring, faecal osmolarity increased from 2100h onwards after initially declining between 1500 
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to 1700h, while in autumn after a steady increase from 1700h faecal osmolarity decreased 









Figure 3.9. Diurnal pattern of pH, total volatile fatty acids (VFA), ammonia-nitrogen (NH3-N), total 
mineral and osmolarity in faecal samples taken every two hours in grazing dairy cows in spring, summer 
and autumn. 
 
3.3.7  Diurnal pattern of pH, ammonia-nitrogen and nitrogen in urine samples 
The diurnal pattern of urine pH, NH3-N (mg/L) concentration and N content of samples taken 
every 2h from grazing dairy cows are shown in Figure 3.10 for each season. Least significant 
differences (LSD0.05) and P values are listed in the appendix of this thesis (Table A. 3). 
In spring and summer urinary pH decreased markedly after the cows received their new 24h 
pasture allocation, while in autumn at the same period pH increased to values above pH 8. The 
diurnal trend for urinary NH3-N concentration was a mirror image of that for pH. In spring and 
summer NH3-N concentration increased 2 – 3 fold after feeding, but in autumn NH3-N 
concentration decreased slightly after feeding. Total N content of urine samples followed a 





Figure 3.10. Diurnal pattern of pH, ammonia-nitrogen (NH3-N) and total nitrogen (N) in urine from 





Fibre kinetic parameters such as rate and extent of fibre digestion (degradation and passage) 
have been traditionally determined by in vitro, in sacco or marker techniques (Barrell et al., 
2000; Burke et al., 2000; Chaves, Burke, et al., 2006; Cruickshank, 1986; Sun et al., 2010; 
Tamminga, Robinson, Vogt, et al., 1989; Tas et al., 2006; van Vuuren et al., 1992) or by 
inclusive in vivo experiments using the rumen evacuation technique with a restricted intake or 
periods of fasting (Gregorini, Gunter, & Beck, 2008; Reid, 1965; Taweel et al., 2005b). The 
objective of the current study was to characterise the diurnal variation of the in vivo rumen 
fermentation end products and metabolites, and rumen fill, and determine the direct effects of 
diurnal cycles of rumen environment and rumen metabolite flux on fibre degradation, by 
quantifying these and establishing the association of specific parameters with the observed 
degradation. The experimental model did this in typical grazing cows resident in a commercial 
herd. 
In experiment one, the characterisation of rumen environment was established, and a novel 
approach to the study of this field was developed. The experimental design enabled the cows 
access to grazing between rumen evacuations with the intent of interfering as little as possible 
with grazing and, therefore normal, representative rumen function for this system. This meant 
that NDF intake was uncontrolled. Some robust assumptions (discussed below) around 
previously identified grazing behaviours and in-study comparisons with restricted intake 
controls were used to suggest why this method may have reduced the problem. The compelling 
advantage of this approach was the use of an authentic rumen environment and, therefore, the 
potential for development of protocols for measuring the NDF fractional disappearance rate 
(kcl, %/h) in representative grazing scenarios. In experiment two the cows were fasted between 
evacuations, which mitigated any NDF intake, but at the cost of a change from a normal rumen 
environment. 
Information generated from these studies will be used to understand how in vivo rumen diurnal 
cycles effect fibre degradation and the relationships between such rumen environments and 
fibre degradation in ryegrass dominant temperate South Island pastures. 
3.4.1 Neutral detergent fibre fractional disappearance rate with or without fasting 
periods between rumen evacuations 
Three experiments in non-restricted grazing conditions were undertaken in spring 2009, late 
summer and autumn in 2010. An additional experiment with restricted grazing (fasting periods) 
between evacuations was carried out in spring 2010. The NDF kcl in spring 2009 in the period 
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from 0100h to 0900h from the non-restricted experiment (experiment one) provided similar 
estimates to those NDF kcl from spring 2010 (5.3%/h vs. 5.4 %/h, respectively) where cows 
were removed from pasture between successive rumen evacuations. Values in experiment 1 are 
based on the assumption that no or little intake occurred over the period. Nevertheless, even 
with some intake in this period it does not change the finding that these values are very low. 
Similar results were also obtained byTaweel et al. (2005a), who reported a NDF kcl between 
5%/h and 5.8%/h on perennial ryegrass with two different levels of WSC concentration using 
the rumen evacuation technique with fasting between rumen evacuations. However, a 12h 
interval was used between rumen emptying rather than the 8h interval used in the current study. 
Using the in sacco technique does not provide the same opportunities for the passage of 
potentially digestible and indigestible NDF and therefore present estimates of fractional 
degradation rate or in situ degradation. However, in spite of such limitations NDF kcl 
determined in spring, summer and autumn (Table 3.7) from 0100 to 0900h were also similar to 
degradation estimates from pasture reported by van Vuuren et al. (1992), Owens et al. (2008) 
and Sun et al. (2010) using the in sacco technique. The authors reported degradation values on 
Lolium perenne over the range between 4.2 and 14%/h using the first order kinetic equation. 
The higher NDF degradation rate (14%/h) reported by Sun et al. (2010) might have been 
assisted by mincing of pasture samples prior to incubation. 
Measures of rumen environment in experiment two (Table 3.15) such as concentration of end 
product metabolites and pH were significantly different from experiment one (in spring, Table 
3.11), especially for rumen pH at 0900h. Mean rumen pH in the restricted animals (experiment 
two) between rumen evacuations was 0.77 units higher than for non- restricted cows in spring 
2009 (experiment one), which is evidence that the fractional disappearance rate of NDF was 
not sensitive to the differences in rumen environment associated with these pH values, seen in 
this study. 
In spite of large apparent differences in the rumen environment in experiment two, the NDF kcl 
rate from 0100h to 0900h and 1700h to 0100h periods (Table 3.10) were also similar (5.4 and 
6.4%/h, respectively). While the rumen environment changed between the start and the end of 
the rumen evacuations, for example total VFA and NH3-N concentration (Table 3.5), such 
changes had no detectable effect on rumen clearance of DM and NDF. This is further evidence 
from this study of a broad stability of fibre degradation in varying rumen environments, which 
along with the observed extremes of diurnal variation, suggests a robust dynamism of function 
in the pasture based rumen. 
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3.4.2 Rumen pools in non- restricted animals in spring, summer and autumn 
There was a clear variation in pool sizes across the diurnal cycle. The greatest rumen pools 
(rumen mass, DM, OM and NDF) occurred at 0100h within all seasons, including experiment 
two, when a new allocation of pasture was provided daily at 1700h after milking. Such diurnal 
cycles in rumen pool size have also been reported by Gregorini, Gunter, and Beck (2008), 
Taweel et al. (2004) and Thomson et al. (1985), where the authors observed that the maximum 
rumen fill was at the end of the evening grazing and the minimum rumen fill was at the end of 
the morning grazing. 
The highest rumen DM pool found at 0100h was in autumn (22.6 g/kg BW), followed by spring 
(22.0 g/kg BW) and summer (17.7 g/kg BW) (Table 3.5) and as there was no effect of season a 
mean of 20.8g/kg BW was calculated from all seasons. Similar rumen DM pool sizes (20.2 g/kg 
BW), were calculated from the rumen pools of four grazing lactating cows (Chilibroste et al., 
1997). In a comparison of six ryegrass cultivars (Lolium perenne), Taweel (2004) reported 
mean rumen DM pools in two successive years of 20 and 22g/kg BW respectively, in lactating 
cows offered daily harvested pasture and a small amount of concentrate (4.6 and 2.8kg DM/day 
in year 1 and year 2). Rumen DM pool size (18.6 and 20.6g/kg BW) was also similar where 
cows were offered freshly harvested pasture with either a high or low level of WSC and 4.6kg 
of concentrates (Taweel et al., 2005a). However, lower values were calculated from lactating 
cows fed harvested pasture in early summer or autumn generated from annual applications of 
either 275 or 500kgN/ha plus 1kg/day of a mineral rich concentrate. In early summer rumen 
pool DM was 12.6 and 15.9g/kg BW from the 500 and 275kgN/ha/yr applications of N 
respectively; while in autumn rumen pool DM was 16 and 16.1g/kg BW from the 500 and 
275kgN/ha/year respectively. Rumen pools in this study were reported as the mean of six rumen 
evacuations carried out in two days (van Vuuren et al., 1992). 
While the total NDF pool was also highest at 0100h with the greatest concentration in spring 
(11.1g/kg BW) followed by autumn (9.66g/kg BW) and summer (9.43g/kg BW) there was no 
significant effect of season and a mean of 10.1g/kg BW was calculated. Comparable NDF pools 
(9.0 and 10.2g/kg BW) were reported by Taweel (2004) where cultivars of perennial ryegrass 
had been selected for fast NDF clearance rate. Similar rumen NDF pools can be calculated for 
dairy cows fed high and low sugar varieties of perennial ryegrass, (8.3 and 9.3g/kg BW) 
respectively (Taweel et al., 2005a). Higher rumen NDF pools (14.5 and 14.9g/kg BW) can be 
calculated where cows were offered low and high perennial ryegrass allowances (21 and 46kg 
DM/cow/day, respectively) offered in equal portions after morning and afternoon milking. 
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However, rumens were evacuated at the end of the first grazing period after the morning milking 
(Williams et al., 2005). 
For both the 0100 and 0900h rumen evacuations periods, season of the year had no effect on 
rumen pool contents. However, for the rumen evacuation at 1700h after the daytime grazing 
RNDF was less in autumn than the spring and summer even though cows grazed to a similar 
residual (1500 kgDM/ha) and the NDF content of autumn pasture was greater than that of spring 
(Table 3.1). Potentially digestible NDF in autumn was also less than in spring but iNDF was 
greater in summer than in either spring or autumn (Figure 3.3). 
An increase in the proportion of time spent ruminating between 0900 and 1700h in autumn may 
have resulted in a decrease in mean particle size in the residual rumen pool from 0900h and that 
consumed during the day prior to 1700h. Such a reduction in particle size would increase the 
potential for passage of both potential digestible and indigestible feed components. An increase 
in surface area of pdNDF may also increase the opportunity for disappearance by digestion. 
Between 0900 and 1700h rumen pH was higher in Autumn (6.99) than spring or summer and 
considered to be in the ideal range for fibre digestion (de Veth & Kolver, 1999). 
While rumen pool DM and NDF were highest at 0100h and not influenced by season (Table 
3.4), potentially digestible NDF was highest at 0100h compared with 0900 and 1700h in both 
spring and autumn. In summer there was no effect of period on pdNDF. Rumen pool contents 
at 0100h are to a large extent determined by the pasture harvested from 1700h when cows had 
first access to the 24h allocation of pasture. Within this period cows have the greatest 
opportunity to preferentially graze the highest potentially digestible pasture components with 
the highest total N or protein content (Table 3.1 and Table 3.2). However, in summer although 
the NDF of pasture is similar to that in autumn (Table 3.1) there appears to be no similar 
suggestion of evidence of any selective grazing between 1700 and 0100h. Although, the 
RpdNDF was greater at 0100h compared with 0900 and 1700h it only represented 65% of the 
NDF pool at that time while it was 62% and 58% of the RNDF pool at 0900 and 1700h 
respectively. 
3.4.2.1 Neutral detergent fibre pool fluxes in a 24 hours period 
Rumen NDF pool increased in the periods from 1700h to 0100h and 0900h to 1700h with the 
exception of spring where a small reduction of the NDF pool was found in the period from 
0900h to 1700h (Figure 3.4 a). The trend for an increase in the rumen NDF pool from 1700h to 
0100h between seasons (spring 2.37kg; summer 1.08kg; and autumn 3.41kg), may indicate that 
animals grazed differently in autumn compared with spring and summer. Lactating dairy cows 
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grazing simple swards of perennial ryegrass allocated following afternoon milking consumed 
58% of their total DMI in the first grazing session of two hours in autumn, whereas in summer 
the cows consumed 46% of their DMI in the same grazing session (Bryant et al., 2012). 
In spring in the period from 0100h to 0900h in spite of rumen pH’s consistently being lower 
than 5.8 (Table 3.13) the rumen NDF pool decreased suggesting the rate of fibre disappearance 
exceeded that from NDF that may have been consumed. In autumn, the reduction of the NDF 
pool (0100h – 0900h) was 2.6kg greater than in summer (LSD0.05 = 2.11), despite the seasonal 
trend of a larger rumen DM pool at 0100h and similar pre grazing NDF concentrations in the 
un-grazed pasture (Table 3.1). 
Despite a significant difference between the pH of the spring versus autumn rumen pool (5.50 
vs. 5.86) from 0100h to 0900h there was no difference in the NDF pool loss (Table 3.6, Figure 
3.4). 
The extent of fibre digestion depends on the amount of indigestible fraction and the competition 
between digestion rate and passage rate (Mertens, 1993). In this study, the reduction of the 
pdNDF, from 0100h to 0900h, varied by season (spring: -2.21kg; summer: -1.11kg and autumn: 
-3.36kg) but only the difference between summer and autumn was significant (Table 3.6) when 
pasture NDF was similar (38.4 land 36.4 %NDF respectively, Table 3.1). Several factors may 
have contributed to the greater disappearance of pdNDF during this period such as increased 
rates of digestion and/or passage, changes in rumen environment and differing grazing 
strategies and intakes. 
Rumen DM and NDF pools were similar at 0100h and 0900h in all seasons which does not 
suggest a seasonal influence on passage or digestion provided it could be assumed that there 
was little or no grazing during the period. However, utilizing unrestricted LSD0.05 analysis the 
flux, or difference in NDF between 0100 and 0900h was greater in autumn than summer (Table 
3.6 and Figure 3.4 (a)) even though the pre-grazing NDF pasture content was similar (36.4 vs. 
38.4 g/100gDM respectively, Table 3.1). Further evidence of a seasonal difference in the 
diurnal pattern of NDF pools between autumn and summer were indicated by pdNDF. Rumen 
emptying estimates of pdNDF in autumn increased more between 1700 and 0100h and 
decreased to a greater extent between 0100 and 0900h than in summer (Figure 3.4 (b) Table 
3.6). 
Interpretation of the animals grazing and digestion strategy in autumn versus summer between 
1700 and 0100h and 0100 and 0900h is restricted by the lack of any grazing behaviour measures 
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or capacity to estimate intake in that period. Grazing in the period from 0100 to 0900h had the 
potential to add to both the pool of pdNDF and iNDF. Any intake in that period in most 
instances might be expected to reduce the apparent disappearance between the start and finish 
of the period and be reflected to some extent in the rumen environment (Table 3.17, Table 3.14). 
Given the extent of rumen fill (RDM and RNDF) at 0100h in both the summer and autumn 
(Table 3.4) grazing strategies between 0100 to 0900h might be expected to strongly favour 
selective grazing if any substantial grazing happened (Gregorini, Gunter, Beck, et al., 2008). 
To negate the greater apparent clearance of pdNDF and iNDF in that period observed in autumn, 
in summer cows would need to have substantially higher intakes between 0100 and 0900h. 
It is difficult to imagine an additional net intake in summer in the period between 0100 to 0900h 
relative to autumn of 2.32kgDM NDF and 2.24kgDM pdNDF that would be required to attain 
similar apparent disappearances (Table 3.17) if potential digestion and passage were similar for 
both seasons. Such intakes in summer would need to be at least two fold greater than in the 
major grazing bout between 1700 and 0100h (2.32 vs. 1.08kg RNDF, Table 3.2), and have not 
been reported in grazing behaviour reviews in dairy cattle (Gregorini, Gunter, Beck, et al., 
2008). Comparisons of the rumen environment at two hour intervals between 0100 and 0900h 
between summer and autumn found significantly higher levels of total VFA and NH3N in 
autumn (Table 3.14). Such concentrations suggest greater rumen digestion was occurring in 
that period. Any grazing intake during the period in autumn would contribute to the rumen pool 
and potentially reduce the apparent disappearance of pdNDF and iNDF. 
Autumn animals may have utilised different strategies to improve rates of digestion and passage 
and therefore increase apparent disappearance of pdNDF and iNDF pools between 0100 and 
0900h. At 0100h pool sizes of both pdNDF and iNDF and pool quality (pdNDF/NDF) were 
similar (Table 3.4 and Table 3.16). An increase in time spent ruminating in autumn relative to 
summer had the potential to decrease particle size of both pdNDF and iNDF and increase the 
rates of digestion of pdNDF and passage of both pdNDF and iNDF. As grazing behaviour is 
not available support for the hypothesis that autumn cows increased rumination is required. 
An increase in total VFA and NH3N (Table 3.14) in autumn relative to summer may indicate 
greater rates of digestion enabled by a faster reduction in particle size of pdNDF. Within autumn 
there was also indirect evidence of increased rumination between 0100 and 0900h as apparent 
disappearance of iNDF increased. However, although the apparent disappearance of iNDF was 
2.9 fold greater in autumn than summer this difference was not significant (Table 3.17). Total 
amounts of iNDF were small, and therefore differences between periods and among seasons 
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were generally even smaller making it difficult to identify differences rather than trends when 
small numbers of animals and measurement errors were considered. 
Some assumptions can still be made and partial argument offered in support. It is possible that 
differences in pasture DM and WSC to NDF ratio which have been reported to influence 
grazing behaviour, rates of intake and mastication (Gregorini, Gunter, Beck, et al., 2008) may 
have been greater in evenings in autumn than summer. With an increase in ingestive 
mastication, a greater proportion of plant cells are ruptured, increasing microbial access to cell 
contents and increasing the surface area available for microbial attachment. Both the rate of 
digestion and reduction of particle size would potentially increase. With the potential release of 
approximately 65% of the intracellular water by enhanced mastication in evening grazing, 
particles could be packed more efficiently into the rumen to maximise rumen capacity 
(Gregorini, Gunter, Beck, et al., 2008). Gregorini (2012) found a similar increase in pasture 
quality in the afternoon due to moisture loss and the accumulation of soluble photosynthetic 
metabolites (largely non-structural carbohydrates) during daylight hours (Delagarde et al., 
2000). These soluble photosynthetic metabolites are then depleted overnight as plants use them 
to manufacture structural carbohydrates and other non-photosynthetic metabolites. As 
photosynthates accumulate, low digestibility structural carbohydrates (NDF) and crude protein 
content are diluted (Delagarde et al., 2000; Gregorini, Eirin, et al., 2006) and palatability 
(Provenza et al., 1998). Abrahamse et al. (2009) also observed that pasture dry matter, soluble 
sugar and digestible organic matter content were higher and structural carbohydrate (NDF; 
ADF) content lower in afternoon pastures. However, chemical analysis of pasture in autumn 
vs. summer (Table 3.1) would need to change substantially in the evening period from the mean 
daytime estimates recorded. 
In the period from 1700 to 0100h cows in autumn appeared to show strong selective intake bias 
for pdNDF, as the proportion of pdNDF to NDF increased in the rumen pool from 0.53 to 0.74 
(Table 3.16), despite no difference in NDF content of the respective pastures. There was no 
evidence of a similar trend in summer even though the opportunity for selection was greater 
with a significantly higher rumen NDF pool at 1700h providing the potential for greater 
selection in the major grazing period between 1700 and 0100h. Gregorini, Gunter, Beck, et al. 
(2008), argued that as animals become more satiated, they will search for the most profitable 
bites; bites which maximise energy gained for the energy expended in harvesting the bite. 
Employing such a strategy, cows in summer should progressively harvest pastures with greater 
potential digestibility. 
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Table 3.16. Proportion of the potentially digestible neutral detergent fibre (pdNDF) in the neutral 
detergent fibre (NDF) pool at 1700, 0100 and 0900h in spring, summer and autumn. 
Time (h) Spring Summer Autumn s.e.m LSD (5%) P value 
1700 0.77 0.62 0.53 0.03 0.12 0.012 
0100 0.80 0.65 0.74 0.03 0.11 0.047 
0900 0.71 0.58 0.51 0.03 0.12 0.021 
s.e.m 0.03 0.02 0.02    
LSD (5%) 0.16 0.06 0.09    
P value 0.387 0.099 0.003       
 
Table 3.17. Difference in rumen potentially digestible neutral detergent fibre (pdNDF) (kgDM) and 
indigestible neutral detergent fibre (iNDF) between 0900 and 0100h in summer and autumn constructed 
from information presented in Table 3.2. 
 Time (h) 
pdNDF  iNDF 
Summer Autumn  Summer Autumn 
0100 3.68 4.55  2.02 1.65 
0900 2.56 1.2  1.85 1.16 
Difference 
(0900 - 0100) 
1.11 3.36  0.17 0.49 
LSD (5%) 1.65 0.59  0.72 0.33 
 
Based in the observations made by Taweel, Tas, Smit, Elgersma, et al. (2006) the three main 
grazing bouts in a day are from 0600h to midday; from midday to 1800h and from 1800h to 
midnight, with limited grazing occurring at night (Gregorini, 2012; Taweel et al., 2004). It 
would therefore be a reasonable assumption that limited grazing occurred in any season in our 
experiments between 0100 and 0900h given that cows would only have had access again to 
pasture after the morning milking at 0700h. Data collected in this study indirectly suggests a 
selective grazing pattern from 1700h -0100h in autumn. Such selection provides opportunity 
for a higher NDF degradation rate in autumn, since NDF concentration in leaves is lower than 
in stems, (stem contains more structural and conducting tissues than leaves, (Stockdale, 1999; 
Waghorn et al., 1989)). This hypothesis is supported by the observations of Chaves, Burke, et 
al. (2006) that the NDF indigested fraction (fraction C or iNDF) was higher in the stem than 
the leaf (27 vs. 13%) and the fractional degradation rate of the degradable insoluble fraction 
(fraction B or pdNDF) was faster in leaf than stem (59 vs. 38%/h). 
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3.4.3 Estimation of rumen retention time 
Rumen solids retention time was estimated from the calculated fractional disappearance rate 
(1/fractional disappearance rate) in experiment one. Total retention time for NDF from the 
rumen, were estimated from the RNDF at 0100h. Rumen fills were at the highest levels for the 
24h period (Table 3.4) and complete retention time of the NDF at that time was estimated to be 
20h in spring, 38h in summer and 9h in autumn. Gregorini, Gunter, and Beck (2008), observed 
rumen solid turnover rates (retention times) in grazing beef heifers in early spring to summer 
ranged from 11h to 26h depending on the treatment (morning or afternoon allocation and fasting 
or non-fasting periods). Unexpectedly, the authors observed a lower rumen retention times in 
fasted compared with the non-fasted animals where an increase in rumination might have been 
expected during fasting with a potential increase in passage and digestion. However, grazing 
behavioural observations found very limited rumination during 20h fasts. Huhtanen et al. 
(2007), observed that the rumen fractional disappearance rate of the pdNDF and iNDF fraction 
were 7.5 and 2%/h respectively when rising two year old cattle were fed timothy hay. 
3.4.4 Relationship between in vivo neutral detergent fibre reduction and rumen 
function 
As was expected, a well-defined diurnal rumen environment pattern was seen within season 
and among seasons. These rumen environmental patterns were likely the result of grazing 
management where cattle were offered their 24h pasture allocation at 1700h in all seasons, as 
the ‘active’ rumen features were observed within 8h of this. These observations agree with 
Gregorini, Gunter & Beck (2008), that the time of herbage allocation and fasting influences the 
diurnal pattern of rumen fermentation. 
In the present study, rumen environment pattern (pH, osmolarity, minerals) and fermentation 
end products and metabolites (such as ammonia and VFA) as individual variables were not 
correlated with NDF fractional disappearance rate between 0100h and 0900h in all seasons. 
Spring rumen pH at each rumen evacuation (Table 3.11) and mean values estimated from two 
hourly rumen sampling in each 8h period (Table 3.13), remained below previously 
recommended thresholds (pH 6.35) for optimum DM digestion in pasture, and also below 
previously suggested thresholds for optimal fibre digestion (pH 5.8) (de Veth & Kolver, 2001a). 
In autumn however, rumen pH remained above these threshold values. Nevertheless, no 
significant difference between spring and autumn NDF reduction was seen and no relationship 
between fibre fractional disappearance rate and rumen pH was detected. This suggests that 
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rumen pH alone, viewed independently of other parameters, may be a poor indicator of the 
rumen environment for fibre digestion. 
The lack of differences in minerals concentration and osmolarity between periods and across 
the seasons, and the lack of relationship in the regression analyses, indicates that fibre reduction 
in vivo is not affected by these two rumen environment parameters in grazing animals under 
these conditions. This is in concert with previous assessments, as Bergen (1972) reported that 
osmotic pressures greater than 400mOsm/kg were required to reduce the in vitro digestion of 
cellulose, and in the current experiments such levels were not obtained. 
A positive relationship between rumen infused VFA (predominantly acetate) and DMI have 
been reported except when large amounts of acetate (at least twice normal) are infused (Forbes, 
2007a). In experiment one, total VFA concentration across the seasons tended to increase; 
however this increase was between the normal ranges observed in grazing animals (Waghorn 
et al., 1989; Wales et al., 2009). 
The increase of VFA in autumn (Figure 3.5) is consistent with the explanation offered for a 
specific grazing strategy to understand the higher rumen pool observed after the evening 
grazing (Table 3.2), and the suggestion of selective grazing in autumn (Table 3.16). Mean total 
VFA concentration for 24h in spring, summer and autumn ranged from 111 to 132; 107 to 121; 
and 99 to 144mmol/l respectively. These variations among seasons, agree with Beever et al. 
(1986) where steers grazed perennial ryegrass. A small variation in the molar proportions of 
total VFA across the seasons (early, mid and late seasons) was observed along with a higher 
ratio of A/P in autumn (3.85:1) compared with spring (2.71:1) in line with values reported in 
Table 3.13 (4.15:1 vs. 2.90:1, respectively). Similar results were reported by Waghorn and 
Barry (1987), with a ratio of A/P in autumn grass of 3.13: 1, compared to 2.55:1 in spring. 
Low rumen NH3 concentrations have the potential to interfere with fibre degradation in rumen 
by reducing microbial growth, but may be of less importance on high quality temperate pasture 
based diets where protein supply is generally greater than demand (Waghorn et al., 2007). As 
might be expected, NH3-N concentrations in this study were far higher than values of 60.7mg/l 
reported by Wilson and Kennedy (1996) for minimal rumen concentrations required for 
microbial fermentation. In the current study, the marked differences observed in mean NH3-N 
concentrations among seasons (236mg/L in spring, 72mg/L in summer, and 270mg/L in 
autumn) are in agreement with Beever et al. (1986), who reported that NH3-N (mg/L) 
concentration declined in mid-season and increased again in late season. 
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Mehrez et al. (1977), concluded that the minimum rumen NH3 concentration for maximum DM 
disappearance was 235 mg/L. In the current study, NH3 concentrations from 0100h to 0900h 
(the period in which the highest reduction of NDF was observed) were generally greater, with 
the highest values in autumn (274.8 mg/L). 
However, these results suggest the differences in NDF apparent disappearance between 0100 
and 0900h cannot be firmly related to differences in rumen NH3 concentration. Although rumen 
NH3 concentration was greater in spring than summer (208 vs. 89mg/L in spring and summer, 
respectively) the apparent amount of NDF which disappeared over this time were similar (2.31 
vs. 1.28kg respectively, Table 3.6). However, although rumen NH3 in spring and autumn were 
similar the apparent disappearance of NDF was greater in autumn when compared to summer 
(Table 3.6) although the proportions of pdNDF to NDF at 0100h were similar in both seasons 
(Table 3.16). 
3.5 Conclusions 
This experiment was design to establish the diurnal pattern of rumen environment and fill in 
grazing animals under a typical South Island system. The further objective was designed to 
establish the DM and NDF pool flux in these cows, and this work was deliberately conducted 
under paddock grazing conditions using a novel approach to dairy science, as the work has only 
been previously done in sheep (Cruickshank et al., 1992). This information was then used to 
estimate NDF fractional disappearance rate for one diurnal phase, which has not been reported 
before. 
A clear and similar rumen diurnal pattern of both rumen fill and rumen environment was found 
in each season. Mean spring rumen pH (5.5) between 0100 and 0900h was below previously 
assumed thresholds for optimal fibre digestion of pH 5.8, and lower than mean autumn pH. This 
suggests that in vivo fibre disappearance is not strongly affected by rumen pH alone, and the 
trend to variation in fibre degradation between rumen environments at different diurnal phases 
may be the result of one or more other parameters influencing this. 
Neutral detergent fibre fractional disappearance rate in the non-restricted animals (experiment 
one) may be underestimated if any grazing occurred between 0100 and 0900h. However, spring 
NDF kcl in both non-restricted and restricted animals were similar, suggesting there was an 
insignificant intake in this period when it was available. This strengthens the utility of this 
method developed in this study to produce credible estimates of fibre degradation in vivo. 
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Autumn apparent disappearance of NDF and pdNDF were significantly higher than in summer, 
however did not differ with NDF disappearance in spring. Results of apparent fibre 
disappearance in autumn suggest that cows may graze differentially between seasons to 
overcome to the problem of higher levels of NDF content in the pasture, when grazed to similar 
mass residuals of 1500kgDM/ha. 
Rumen NDF fractional disappearance rate in grazing dairy cows in the South Island does appear 
not be affected by the diurnal pattern of rumen environment. Additionally, rumen NDF 
fractional disappearance in autumn does not follow what than have been previously predicted 
in grazing scenarios. 
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4.2 Materials and methods 
The effect of rumen environment variation on fibre degradation was assessed in two diurnal 
periods of 6h each. The comparison of fibre degradation between periods was achieved using 
different forage preparation methods: frozen minced grass (MG); fresh chopped grass cut at 
different mass grazing levels (FGpm, FGam; see section 4.2.2.2) and hay (H). 
All procedures involving the use of animals had prior approval from the Lincoln University 
Animal Ethics Committee (LUAEC) and licensed in accordance to the Animal Welfare Act, 
New Zealand. 
4.2.1 Animals and feeding 
Four Holstein Friesian spring calving cows previously fitted with rumen cannula (Bar Diamond 
Inc, Parma, Idaho, USA) in the dorsal rumen sac were used in four runs of in sacco digestibility 
trials (December 2010; March 2011; October 2012; and November 2012). The experiments 
were carried out at Lincoln University Dairy Farm (LUDF), NZ (43.6500° S, 172.4833° E). 
The same cows were used in previous studies of diurnal variability of rumen state on pasture 
(Chapter 3 and Laporte-Uribe & Gibbs, 2009). 
Prior to the trial runs, the animals grazed with the highly managed commercial herd (n = 670) 
and were separated from the herd one day before the trial period only for manipulations. The 
cows were milked twice a day and received their new 24h pasture allocation at 1700h. Pre 
grazing pasture mass was similar for all runs (2900 ± 200 kgDM/ha), based on measurements 
with a rising plate meter (Filip’s Electronic Folding Plate Meter EC-09, JENQUIP), calibrated 
by seasons and checked daily during the experimental period. Dry matter offered varied run by 
run (run1: 16kg; run2: 16kg; run3: 19kg; run4: 21kg of DM/cow/day) and reflected the stage 
of lactation of the cows. Mean pasture allocation per fistulated cow was such that cows were 
expected to graze to a post grazing residual of about 1500kgDM/ha which ensured the majority 
of leafy material in the pasture had been removed. Pre and post grazing target covers were 
similar to those used previously in trials (Chapter 3) with the same fistulated cows in previous 
seasons and are those used as targets in well managed temperate ryegrass dominant pastures 
with lactating dairy cattle (Holmes & Roche, 2007). 
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4.2.2 Experiment procedure 
4.2.2.1 Incubation period 
The effect of rumen environment pattern on fibre degradation was assessed in two diurnal 
periods of 6h. The first period was called PM, which was characterized by low rumen pH and 
high fermentation end products. And the second period was called AM (high pH and low rumen 
fermentation end products). The PM period was from 2000h to 0200h, while AM period was 
from 0800h to 1400h. A summary of the general procedure is shown in Table 4.1. 
4.2.2.2 Feed treatment 
Fibre degradation (NDF and ADF) was assessed in two different rumen environments (PM and 
AM) on three feeds, high quality fresh chopped grass (cultivar, Bealey), frozen and minced 
Bealey and ryegrass clover hay. The high quality Bealey was generated by allowing pasture 
grazed to 1400-1500kgDM/ha to grow to approximately 3000kgDM/ha prior to cutting either 
for preparation of frozen minced or fresh samples. The pasture was harvested from LUDF 6 
days prior to each run for MG preparation, and on the same day of the trial for FG grass 
preparation. 
Four kg of grass was cut for MG preparation at 1700h to a residual of 1500kgDM/ha, avoiding 
urine patches, and stored at -20 ºC until sample preparation (section 4.2.2.2.1). A representative 
sub sample was taken for DM and chemical analysis. On the trial day at 1700h, 3h before fresh 
pasture samples were incubated, 1.5kg of fresh Bealey temperate ryegrass was harvested from 
high quality pastures (2900 ± 200kg PM grazing) to a residual of 1800kgDM/ha which 
corresponded to the pasture mass measured at the end of the PM grazing period as evaluated by 
measurements made for three days prior to the start of the trial runs. Prior to the start of the AM 
grazing period at 0600h, a further 1.5kg of fresh pasture was cut to a residual of 1450kgDM/ha 
to mimic the desired post grazing residual, again avoiding urine patches. Additionally, dry hay 
was incubated in both periods as a standard control. 
In both periods (PM and AM) the quality of MG samples incubated was similar within a run 
but differed for each run. Incubated hay samples were of similar quality for run 1, 2 and 3 in 
both PM and AM periods but slightly varied in run 4 in both the PM and AM period. Fresh 
chopped grass quality changed between runs and also changed within periods (FGpm and 
FGam) (Table 4.2). 




Table 4.1. Incubation periods (h) and feeds used for NDF degradation assessment in grazing cows in all 
four experimental runs. 
  PM period1 AM period2 
Minced frozen grass MG MG 
Hay H H 
Fresh chopped grass FGpm FGam 
NDF, neutral detergent fibre; 1period from 2000h to 0200h. 2period from 0800h to 1400h 
 
4.2.2.2.1 Forage preparation 
Frozen minced grass 
Frozen MG were prepared by minor modifications of the method described by Chaves, 
Waghorn, et al. (2006). Frozen grass was chopped into 2cm lengths and minced in a Salton 
meat mincer machine using a screen plate with 10mm diameter extrusion holes prior to the 
cutting plate. 
Five hundred grams of frozen grass were prepared time by time in the mincer machine to keep 
the grass frozen. Minced grass samples were maintained in a low temperature state by preparing 
small sample batches at a time. Approximately 5g DM was placed in each nylon bag in runs 1, 
2, 3 and 4. All prepared nylon bag containing MG samples were kept frozen until required for 
incubation. Sub samples of frozen minced grass were taken for DM and wet chemistry analysis. 
Fresh chopped grass 
Harvested fresh grass was cut into 1cm lengths with scissors and weighed into nylon bags 
previously dried at 65°C in a forced air oven. Nylon bags were filled to approximately 5g DM 
and were incubated in the PM period and AM period runs 1, 2, 3 and 4. A representative 
subsample of fresh chopped grass was taken for DM and wet chemistry analysis from each 
incubation run. 
Mature hay 
Both the H used in runs 1 to 3 inclusive and that in run 4 were ground in a mill with a 4mm 
screen and dried in a force air oven at 65ºC overnight. For all runs approximately 5g DM of H 
was weighed into the nylon bags. 
4.2.2.3 Fibre degradation assessment 
Quadruplicate samples for each forage preparation (MG, H, FGpm and FGam) were used to 
describe fibre disappearance at three incubation times (0, 3 and 6h) per period in each of 4 runs. 
Additionally, in run 3 and 4, extra bags (triplicates samples for each treatment) were prepared 
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for iNDF calculation. The dimensions of the nylon bags were 10 x 20cm for FG and 6 x12cm 
for MG and H assessment; with a pore size of 11µm (Sefar Filter Specialist Ltd) considered 
more appropriate for longer incubation periods to minimize the loss of small indigestible 
material. All bags had nylon thread sealed edges (Figure 4.1). 
All bags were soaked in water for 30s prior to incubation in the rumen to remove water-soluble 
components and reduce lag time associated with the hydration of the sample (Mertens & Ely, 
1982). With the exception of those bags for time 0h and iNDF assessment, all remaining bags 
containing sample were placed in the rumen (ventral sac) of fistulated lactating cows at the 
same time, and suspended by a 1kg steel chain. Each cow contained a complete set of sample 
and incubating bags were removed at designated time intervals (3 and 6h of incubation for both 
periods). 
After removal from the rumen, all bags were immediately rinsed in cold water to clean the bag 
and minimize microbial activity, placed in an ice slurry, and frozen rapidly in a blast freezer at 
-20ºC (Sun & Waghorn, 2012). Nylon bags for time 0h were soaked in water and immediately 
frozen at -20ºC. Nylon bags, for iNDF assessment, after being soaked in warm water were 
rumen incubated for a period of 288h in grazing cows. The 288h incubation time was used as a 
method to calculate the potential digestibility of the fibre (Ahvenjarvi et al., 2001; Robinson et 
al., 1986). 
 
Figure 4.1. Nylon bag with nylon thread sealed edges. 
 
4.2.2.4 Samples collection and rumen function 
Samples collection of rumen fluid phase were carried out as was described in Chapter 3 – 
section 3.2.2.1.2 with minor modifications. Rumen fluid was collected from the ventral sac at 
each incubation time in both incubation periods. To determine the pattern of rumen pH, cows 
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were fitted with intra-ruminal pH probes (Ionode IJ-44, Brisbane, Australia) and temperature 
sensors (PT-100. Bell Technology, Auckland, New Zealand). The pH and temperature sensor 
were placed in the ventral sac of the rumen and fixed to a single 1.5kg steel weight to guarantee 
the permanent position of the probe in the ventral sac. Both the pH probes and temperature 
sensors were attached to data loggers (Delta OHM, HD 21052, Caselle di Selvazzano, Padua, 
Italy) located in the back of the grazing cows (Photo 1). The intra ruminal pH probes were 
calibrated prior to insertion and checked against buffer standards at the end of the recording 
period. The calibration of the probes were achieved using pH buffer solutions ((pH 4.0, 7.0 and 
10.0), Mettler Toledo International, Greinfensee, Switzerland). Recordings of pH and 
temperatures were taken every 15 seconds for 24h. 
 
Photo 1. Grazing dairy cows carrying the intra-ruminal pH probes, temperature sensors and data loggers 
in a back pack. 
 
4.2.3  Method of analysis 
4.2.3.1 Incubated feed samples 
Subsamples of the prepared MG, H, FGpm and FGam were freeze dried and ground to through 
a 1mm screen centrifugal rotor mill (Retsch- ZM, Haan, Germany) and subsequent analysed for 
NDF, ADF and ash by wet chemistry as described previously in Section 3.2.4. 
4.2.3.2 Nylon bags residuals 
All nylon bags were thawed and placed in a washing machine (Frigidaire, Gentle Annie by 
Fisher & Paykel®) for 30min, with cold water, without detergents. Afterward bags were dried 
to a constant weight in a forced-air oven at 65°C for 48h to determine DM disappearance. Bag 
residues were bulked by cow, time, and treatment, and ground through a 1mm screen fitted to 
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a centrifugal rotor mill (Retsch- ZM, Haan, Germany). Samples were analysed for NDF, ADF, 
total N and ash by wet chemistry (Section 3.2.4). 
4.2.3.3 Rumen liquid phase samples. 
Sample preparation and sample analyses for the rumen liquid phase parameters (VFA, NH3, 
mineral content and osmolarity) were carried out as described in Section 3.2.4. 
4.2.4  Calculations 
Since the experiment design had only three measurements points (time 0, 3 and 6h) for both 
periods, fibre disappearance over time (absolute fibre degradation) was calculated from the 
initial amount of NDF (or ADF) minus the amount of NDF (or ADF) at the end of the chosen 
incubation period divided by the interval (h) between incubations (0 - 3 and 0 - 6h). 
The indigestible fraction (iNDF) was used to calculate the pdNDF in each incubation time in 
run 3 and 4 (pdNDF= NDF – iNDF). 
The fractional degradation rate of the pdNDF fraction (B) was calculated as described by 
Taweel (2004) based on Robinson et al. (1986): 
NDFR= D x exp(-kd x t) + U 
Where NDFR = residual NDF (%) recovered time (h); D = potentially degradable fraction 
“pdNDF” (100- U), kd: fractional degradation rate (%/h); and t = time in hours; U = indigestible 
fraction “iNDF”. 
The effective degradability (E) of NDF in the rumen, for run 3 and 4 was calculated, assuming 
a fractional passage rate of 0.06 %/h (Chaves, Waghorn, et al., 2006; van Vuuren, 
Vanderkoelen, Valk, et al., 1993). The E of NDF represents an estimation of the digestibility of 
the incubated samples in the rumen assuming they were not confined to nylon bags, taking into 
the account the effect of passage from the rumen to the lower digestive tract. 
E = A + pdNDF x kd / (kd + kp) 
Where, A = instantly degradable fraction of NDF (assumed to be equal 02); pdNDF, potential 
degradable fraction; kd, absolute rate of degradation; kp, fractional passage rate of 0.06 %/h. 
 
                                                 
2 The instantly degradable fraction of NDF in this study was assumed to be 0, since the NDF content of oven dry 
samples (time 0) were higher than the freeze dried samples of the initial feed. Such a problem could be avoided in 
future studies with a standard drying process. A similar problem was also reported by Steg et al. (1994). 
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4.2.5 Statistical analyses 
Results for disappearance of DM, NDF, ADF and pdNDF from each of the incubated feeds 
(MG, H and FG) within each of the four runs were statistically analysed using the analysis of 
variance procedure of GenStat (version 15; VSN International Ltd, Hemel Hempstead, UK) 
with time periods (PM and AM) as treatment and cows as a block. 
The mean of the four runs for DM, NDF and ADF disappearance (for each treatment and each 
duration of incubation 0 to 3h or 0 to 6h), were analysed by the analysis of variance with periods 
(PM and AM) as a treatment and runs as a block structure. 
Rumen liquid phase parameters (VFA, NH3-N, mineral and osmolarity) were estimated by the 
area under the curve for both 3 and 6h of incubation (mean of the values from 0h to 3h and from 
0h to 6h). Values were analysed within runs and duration of incubation, with periods as a 
treatment and cows as a block structure. 
The relationship between fibre digestion (y; %NDF and %ADF disappearance of treatment 
preparations) and the independent variables (x; pH, Total VFA’s, molar proportions (%) of 
VFA’s, NH3-N, mineral and osmolarity), was modelled by linear regression analyses using 
GenStat 15. 
4.3 Results 
4.3.1 Incubated feed composition 
The chemical composition of frozen minced grass, hay and fresh chopped grass (FGpm and 
FGam) are shown in Table 4.2 for each run. 
The chemical composition of the incubated feed were relatively constant between runs, with 
the exception of run 3; where MG and FG had the higher N concentration, 4.8% and 4%, 
respectively; and MG had the lower OM (mean 89.3% vs. 86.0%). Within runs the quality of 
the MG incubated was similar and like the H control provided a base from which the effects of 
period and/or duration of incubation could influence disappearance. 
Within grass treatments FGam had the lower DM content across the runs (11.7 ± 1.2%); while 
MG and FGpm had a similar DM (%) composition (mean 18.5% and 17.8%, respectively). 
Neutral detergent fibre in MG ranged from 31% to 36%, in FGpm ranged from 31% to 38.2% 
and in FGam ranged from 39% to 46%. 
The chemical composition of H across the runs was reasonably similar, with a range of DM 
from 85% to 88% however hay used in run 4 was slightly different. Neutral and acid detergent 
 104 
fibre varied from 61% to 66% and from 34% to 38%, respectively, while N concentration was 
much lower than either MG or FG in either period and ranged from 1 to 1.4%. 
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Table 4.2. Chemical composition of frozen minced grass, hay and fresh chopped grass (as %DM) for each run, determined by wet chemistry analysis. 
 Run 1  Run 2  Run 3  Run 4 
% DM NDF ADF N ASH  DM NDF ADF N ASH  DM NDF ADF N ASH  DM NDF ADF N ASH 
MG 17.6 32.7 17.5 3.6 10.9  18.0 35.9 19.0 3.4 10.5  17.9 30.9 16.4 4.8 14.0  18.7 33.1 15.7 4.5 10.8 
Hay 85.0 60.9 34.2 1.4 7.7  85.4 62.6 34.8 1.4 7.1  87.6 66.1 39.0 1.2 5.7  87.6 65.1 38.4 1.0 6.7 
FGpm 18.5 38.2 21.5 3.6 10.8  17.8 34.9 20.2 3.4 11.2  17.5 30.7 17.1 4.0 10.8  17.6 31.4 16.9 3.5 10.3 
FGam 10.4 45.6 26.5 3.2 11.7  13.3 43.6 23.4 3.2 12.4  11.7 39.4 20.6 4.1 11.8  11.5 39.5 21.1 2.9 10.5 
MG, minced frozen grass; H, hay; FGpm, fresh grass cut in pm period; FGam, fresh grass cut in am period; DM, dry matter; NDF, neutral detergent fibre; ADF, acid detergent fibre; 
N, total nitrogen; Ash. Run 1 corresponded to early summer, run 2 to autumn, run 3 to early spring and run 4 to late spring. 
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4.3.2 Dry matter disappearance 
Dry matter disappearance of frozen minced grass, hay and fresh chopped grass at 3 and 6h post 
nylon bag incubation is shown in Table 4.3. 
Dry matter disappearance after 3 hours incubation 
Frozen MG DM disappearance in the AM period was the highest value detected between 
treatments across the runs while that for the hay was lowest. Although the mean DM 
disappearance of MG in the AM period was 2% higher than in PM period and the trend for the 
hay (H) was also marginally higher in the AM period (28.4% vs. 27.3%) neither trend was 
significant (P > 0.05). In contrast, FG DM disappearance in the PM period was greater than in 
the AM period. The mean DM disappearance in the PM period was 11% higher than in the AM 
period (P < 0.01). 
Dry matter disappearance after 6 hours incubation 
Frozen MG DM disappearance in the AM period was significantly higher than in the PM period, 
with the exception of run 4. The mean DM disappearance in the AM period was 8% higher than 
in the PM period (P = 0.05). 
Hay DM disappearance in the AM period was also significantly higher than in the PM period 
with the exception of run 4. Mean DM disappearance in the AM period was significantly higher 
than in the PM period (P < 0.01). 
However, FG DM disappearance in the PM period was significantly higher than in the AM 
period with the exception of run 3. The mean DM disappearance in the PM period was 9% 
higher than in AM period (P = 0.010). 
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Table 4.3. Dry matter disappearance (%) of frozen minced grass, hay and fresh chopped grass (FGpm; FGam) after 3 and 6 hours incubation in nylon bags within the 
ventral sac of the rumen of lactating grazed dairy cattle, for either the evening or morning period (PM and AM) for each run and the mean of all four runs. 
0-3 h 
Run 1  Run 2  Run 3  Run 4  Mean 
MG H FG  MG H FG  MG H FG  MG H FG  MG H* FG 
PM 64.5 28.8 40.0  54.6 28.8 36.0  57.5 24.3 36.7  55.4 22.3 33.3  58.0 27.3 36.5 
AM 67.0 29.4 25.0  58.4 30.9 25.3  58.7 25.0 29.4  55.7 21.9 23.1  60.0 28.4 25.7 
(AM - PM) 
difference 2.5 0.6 -15.0  3.8 2.1 -10.7  1.5 0.7 -7.3  0.3 -0.4 -10.2  2.0 1.1 -10.8 
s.e.m 1.9 0.3 0.5  2.1 0.5 1.0  1.5 0.2 0.4  0.4 0.6 0.5  0.5 0.3 1.1 
LSD (5%) 8.5 1.2 2.2  9.5 2.2 4.5  6.6 0.7 1.6  1.9 2.8 2.2  2.4 2.1 5.1 
P value 0.410 0.220 < 0.001  0.291 0.060 0.005  0.582 0.056 < 0.001  0.613 0.634 < 0.001  0.084 0.144 0.007 
0-6 h 
Run 1  Run 2  Run 3  Run 4  Mean 
MG H FG  MG H FG  MG H FG  MG H FG  MG H* FG 
PM 70.7 30.6 46.1  61.0 31.5 43.4  64.4 25.2 47.0  65.6 25.7 43.3  65.4 29.1 45.0 
AM 78.9 33.5 37.4  71.1 33.9 32.8  75.3 27.8 42.6  66.2 23.2 32.4  72.9 31.7 36.3 
(AM - PM) 
difference 8.3 2.9 -8.7  10.1 2.4 -10.6  10.9 2.6 -4.4  0.6 -2.5 -10.9  7.5 2.6 -8.7 
s.e.m 0.7 0.5 0.4  0.6 0.2 1.0  1.7 0.3 2.5  1.4 0.8 0.8  1.7 0.1 1.1 
LSD (5%) 3.3 2.1 1.9  2.9 0.9 4.3  7.7 1.4 11.3  6.4 3.6 3.4  7.5 0.6 4.8 
P value 0.004 0.022 < 0.001   0.001 0.004 0.004  0.020 0.009 0.302  0.783 0.112 0.002  0.050 0.003 0.010 
PM, period from 2000h to 0200h; AM, period from 0800h to 1400h; MG, frozen minced grass; H, hay; FG, fresh chopped grass. Run 1 corresponded to early summer, run 2 to autumn, 
run 3 to early spring and run 4 to late spring. *Run 1, 2 and 3 only considered in the analysis. 
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4.3.3 Neutral detergent fibre disappearance 
Neutral detergent fibre disappearance of frozen minced grass, hay and fresh chopped grass after 
3 and 6h incubation in nylon bags is shown in Table 4.4. 
Neutral detergent fibre disappearance after 3 hours incubation 
Frozen MG and H had the highest and the lowest NDF disappearance respectively and 
incubation period did not influence either feed type. 
In contrast, FG NDF disappearance was greater in the PM period, and significant differences in 
NDF disappearance were found in run 3 and 4 (P < 0.05). Additionally, the mean NDF 
disappearance of FG in the PM period was 8.4 % higher than in the AM period. 
Neutral detergent fibre disappearance after 6 hours incubation 
Frozen MG NDF disappearance was greater in the AM period, being significantly higher in run 
1 and 2 (P < 0.05; P < 0.01, respectively). Furthermore, the mean NDF disappearance in the 
AM period was 11% higher than in the PM period (P < 0.05). 
Hay NDF disappearance was also greater in the AM period with significant differences between 
periods in run 2 and 3 (P < 0.05; P < 0.01, respectively); and significant differences in the mean 
of DM disappearance (P < 0.05). 
In contrast, FG NDF disappearance was higher in the PM period (run 3, P < 0.05). But, no 
significance differences were found in the mean NDF disappearance between periods. 
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Table 4.4. Neutral detergent fibre disappearance (%) of frozen minced grass, hay and fresh chopped grass (FGpm; FGam) after 3 and 6 hours incubation in nylon bags 
within the ventral sac of the rumen of lactating grazed dairy cattle, for either the evening or morning period (PM and AM) for each run and the mean of all four runs. 
 Run 1  Run 2  Run 3  Run 4  Mean 
0-3 h MG H FG  MG H FG  MG H FG  MG H FG  MG H* FG 
PM 25.6 1.0 15.9  12.8 0.3 10.1  22.3 0.4 22.0  33.9 0.6 25.6  23.6 0.6 18.4 
AM 27.9 2.2 9.8  16.8 4.9 7.2  28.4 3.4 7.9  30.6 -0.1 15.3  25.9 3.5 10.0 
(AM - PM) difference 2.3 1.2 -6.1  4.0 4.6 -2.9  6.1 3.0 -14.1  -3.3 -0.7 -10.3  2.3 2.9 -8.4 
s.e.m 4.1 0.5 1.5  3.9 1.1 2.5  4.3 1.0 2.1  2.6 1.4 1.7  1.4 0.7 1.7 
LSD (5%) 18.2 2.1 6.7  17.5 5.1 11.4  19.1 4.3 9.2  11.9 6.2 7.7  6.4 4.2 7.8 
P value 0.721 0.148 0.061  0.521 0.065 0.482  0.386 0.107 0.017  0.444 0.744 0.024  0.341 0.096 0.042 
 Run 1  Run 2  Run 3  Run 4  Mean 
0-6 h MG H FG  MG H FG  MG H FG  MG H FG  MG H* FG 
PM 38.3 4.1 24.2  27.0 3.9 22.7  42.5 4.1 39.9  46.8 4.7 35.2  38.6 4.0 30.5 
AM 50.6 6.7 24.0  42.6 8.6 16.9  55.3 6.9 29.4  48.7 4.2 23.5  49.3 7.4 23.5 
(AM - PM) difference 12.3 2.6 -0.2  15.6 4.7 -5.8  12.8 2.8 -10.5  1.9 -0.5 -11.7  10.7 3.4 -7.0 
s.e.m 1.6 0.6 0.8  1.6 0.7 2.0  6.0 0.2 1.8  2.5 0.6 3.1  2.1 0.5 1.9 
LSD (5%) 7.2 2.6 3.4  7.3 3.1 8.8  27.1 1.0 8.0  11.2 2.7 13.9  9.6 2.9 8.3 
P value 0.012 0.051 0.864  0.006 0.018 0.126  0.228 0.003 0.025  0.624 0.611 0.076  0.038 0.037 0.074 
PM, period from 2000h to 0200h; AM, period from 0800h to 1400h; MG, frozen minced grass; H, hay; FG, fresh chopped grass. Run 1 corresponded to early summer, run 2 to autumn, 
run 3 to early spring and run 4 to late spring. *Run 1, 2 and 3 only considered in the analysis. 
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4.3.4 Potentially digestible neutral detergent fibre disappearance and its 
effective degradability in the rumen 
The pdNDF fraction of each treatment was obtained by the initial NDF concentration minus the 
residual (iNDF) of fibre after 288h of rumen incubation of the samples. The percentage of 
pdNDF disappearance from incubated feeds in run 3 and 4 is shown in Table 4.5 for both the 
PM and AM periods for incubations of either 3 or 6 hours. 
Potentially digestible fibre fraction disappearance after 3 hours incubation 
Disappearance of pdNDF for both MG and H was not influenced by period with the pdNDF 
disappearance of MG and H higher in the AM period for run 3 and lower in run 4.The pdNDF 
disappearance of the FG in PM period was 14% (P < 0.05) higher than in the AM period in run 
3 and 12% higher in run 4. 
Potentially digestible fibre fraction disappearance after 6 hours incubation 
Although the pdNDF disappearance of MG was greater in the AM period for both runs this 
trend failed to attain significance. While the pdNDF disappearance of H in run 3 was 3% higher 
(P < 0.01) in the AM period no significance differences between periods was seen in run 4. In 
run 3 and 4, the pdNDF disappearance of FG in the PM period was 11% (P < 0.05) and 12% 
(P > 0.05) higher than AM in runs 3 and 4, respectively. 
Neutral detergent fibre fractions (pdNDF and iNDF), fractional degradation rate and the 
effective degradability in the rumen of the pdNDF are shown in Table 4.6. 
Frozen MG and FG pdNDF ranged from 96% to 99%, while the iNDF fraction ranged from 
1.3% to 4.5%. Hay pdNDF declined from 82% to 68% and iNDF increased from 18% to 32%, 
for run 3 and 4 respectively. 
The fractional degradation rate of MG and H in the AM period was 3.6% and 0.5% higher 
respectively than in the PM period. In contrast, the fractional degradation rate of FG in the AM 
period was 2.5% and 2.6% lower than in the PM period for run 3 and 4, respectively. 
Additionally, MG had the highest effective degradability of the pdNDF (57% - 67%). On the 
other hand, hay had the lowest effective degradability of the pdNDF (8% - 13%) observed in 
this study. The effective degradability of the pdNDF of FG ranged from 52% to 56% (FGpm) 




Table 4.5. Potentially digestible neutral detergent fibre disappearance of frozen minced grass, hay and 
fresh chopped grass for the PM and AM period for runs three and four after 3 and 6 hours incubation. 
 Run 3  Run 4 
0-3 h MG H FG   MG H FG 
PM 22.3 0.35 22.0  33.9 0.57 27.6 
AM 28.4 3.43 7.9  30.6 -0.13 15.3 
(AM -PM) 
difference 
6.1 2.98 -14.1  -3.3 -0.70 -12.3 
s.e.m 4.3 1.0 2.1  2.6 1.38 1.7 
LSD (5%) 19.1 4.3 9.2  11.9 6.22 7.7 
P value 0.386 0.107 0.017   0.444 0.744 0.024 
 Run 3  Run 4 
0-6 h MG H FG   MG H FG 
PM 42.5 4.1 39.9  46.8 4.7 35.2 
AM 53.3 6.9 29.4  48.7 4.2 23.5 
(AM -PM) 
difference 
10.8 2.8 -10.5  1.9 -0.5 -11.7 
s.e.m 6.0 0.2 1.8  2.5 0.6 3.1 
LSD (5%) 27.1 1.0 8.0  11.2 2.7 13.9 
P value 0.228 0.003 0.025   0.624 0.611 0.076 
PM, period from 2000h to 0200h; AM, period from 0800h to 1400h; MG, frozen minced grass; H, hay; FG, fresh 
chopped grass. Run 3 corresponded to early spring and run 4 to late spring. 
 
Table 4.6. Neutral detergent fibre fractions (pdNDF and iNDF), fractional degradation rate and effective 
degradability in the rumen of frozen minced grass, hay and fresh chopped grass for two periods and runs 
3 and 4. 
   Run 3  Run 4 
   % pdNDF iNDF kd E   pdNDF iNDF kd E 
M
G
 PM 0.985 0.015 0.091 0.573  0.970 0.030 0.101 0.604 
AM 0.985 0.015 0.127 0.665  0.970 0.030 0.107 0.617 
            
H
 PM 0.818 0.182 0.007 0.084  0.681 0.319 0.008 0.080 
AM 0.818 0.182 0.012 0.134  0.681 0.319 0.007 0.072 
            
FG
 PM 0.987 0.013 0.081 0.568  0.966 0.034 0.070 0.517 
AM 0.980 0.020 0.056 0.473   0.955 0.045 0.044 0.399 
pdNDF, potentially digestible neutral detergent fibre; iNDF, indigestible neutral detergent fibre; kd, fractional 
degradation rate of pdNDF (%/h); E, effective neutral detergent fibre degradation in the rumen (assuming passage 
rate of 0.06/h). 
 
4.3.5 Acid detergent fibre disappearance 
Acid detergent fibre disappearance from frozen minced grass, hay and fresh chopped grass after 
3 and 6h incubation in nylon bags is shown in Table 4.7. 
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Acid detergent fibre disappearance after 3 hours incubation 
Frozen MG had the highest ADF disappearance amongst incubated feeds, and although the 
mean of ADF disappearance in the AM period was 8.8% higher than in the PM period no 
significant differences were found in ADF disappearance between periods. Hay ADF 
disappearance was significantly higher in the AM period in runs 1 and 2 (P < 0.05), but not in 
runs 3 and 4 (P > 0.05). 
Fresh chopped grass ADF disappearance in the PM period was higher than in the AM period 
with the exception of run 1. Significant differences in ADF disappearance between periods were 
found in run 1 (P = 0.01), run 3 (P < 0.05) and run 4 (P < 0.01). 
Acid detergent fibre disappearance after 6 hours incubation 
Frozen MG ADF disappearance in the AM period was greater than in the PM period, being 
significantly higher for run 1 and 2 (P < 0.01). The mean ADF disappearance for the four runs 
in the AM period was 20% (P < 0.05) higher than in the PM period. Hay ADF disappearance 
was also significantly higher in the AM period in run 1 (P = 0.01) and in run 2 (P < 0.01). 
Fresh chopped grass ADF disappearance in the AM period was higher than in the PM period in 




Table 4.7. Acid detergent fibre disappearance (%) of frozen minced grass, hay and fresh chopped grass (FGpm; FGam) after 3 and 6 hours incubation in nylon bags 
within the ventral sac of the rumen of lactating grazed dairy cattle, for either the evening or morning period (PM and AM) for each run and the mean of all four runs. 
0-3 h 
Run 1  Run 2  Run 3  Run 4  Mean 
MG H FG  MG H FG  MG H FG  MG H FG  MG H* FG 
PM 13.0 0.8 -4.9  1.4 -0.8 0.5  2.5 2.3 2.9  11.2 -2.8 6.2  7.0 0.8 1.2 
AM 14.4 3.4 3.6  16.5 2.7 -1.2  18.5 0.5 -5.6  14.0 1.4 -6.1  15.8 2.2 -2.3 
(AM - PM) 
difference 1.4 2.6 8.5  15.1 3.5 -1.7  16.0 -1.8 -8.5  2.8 4.2 -12.3  8.8 1.4 -3.5 
s.e.m 2.5 0.4 1.1  3.5 0.7 2.5  3.8 1.0 1.4  1.92 2.4 0.9  2.8 1.2 3.2 
LSD (5%) 11.4 1.7 4.7  15.9 3.1 11.4  17.0 4.6 6.4  8.66 11.0 4.2  12.4 7.0 14.5 
P value 0.719 0.015 0.010  0.056 0.039 0.678  0.058 0.298 0.024  0.372 0.304 0.003  0.109 0.474 0.499 
0-6 h 
Run 1  Run 2  Run 3  Run 4  Mean 
MG H FG  MG H FG  MG H FG  MG H FG  MG H* FG 
PM 19.7 4.3 14.5  9.4 1.5 4.4  24.0 4.2 5.8  20.9 2.1 6.0  18.5 3.3 7.7 
AM 36.4 7.7 11.8  45.5 5.8 7.0  43.7 4.7 6.7  30.0 8.5 16.6  38.9 6.1 10.5 
(AM - PM) 
difference 16.7 3.4 -2.7  36.1 4.3 2.6  19.7 0.5 0.9  9.1 6.4 10.6  20.4 2.8 2.8 
s.e.m 1.7 0.4 0.9  3.8 0.4 1.8  7.3 1.3 3.3  4.2 1.5 2.0  4.0 0.8 2.0 
LSD (5%) 7.8 1.8 3.9  16.9 1.7 8.1  32.9 6.0 14.9  18.9 6.5 8.9  18.1 4.9 8.9 
P value 0.007 0.010 0.118  0.007 0.004 0.383  0.152 0.796 0.866  0.223 0.052 0.032  0.037 0.140 0.385 
PM, period from 2000h to 0200h; AM, period from 0800h to 1400h; MG, frozen minced grass; H, hay; FG, fresh chopped grass. Run 1 corresponded to early summer, run 2 to autumn, 
run 3 to early spring and run 4 to late spring. *Run 1, 2 and 3 only considered in the analysis. 
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4.3.6 Rumen environment 
The rumen pH and rumen fermentation end products for the periods from 0 to 3h and from 0 to 
6h for each run are shown in Table 4.8 and Table 4.9, respectively. 
Rumen environment in the first 3 hours of nylon bag incubation 
During the first 3h of incubation, rumen pH in the PM period had a clear tendency to be lower 
than in the AM period, being significantly lower in run 2 (pH 5.8 vs. 6.3; P < 0.001). Although, 
total VFA concentration in the PM period was higher than in the AM period across the runs no 
differences were detected between periods. 
Acetic acid concentration (molar proportion) during the PM period tended to be lower than in 
the AM period, and significant differences were found in run 1, 3 and 4 (P < 0.01). On the other 
hand, propionic and butyric acid (molar proportions) in the PM period were higher than in the 
AM period. Propionic acid in the PM period was significantly higher than in the AM period in 
run 3 and 4 (P < 0.01), whereas butyric acid in the PM period was significantly higher in run 1, 
3 and 4 (P < 0.05). Additionally, significant differences in the acetic to propionic acid ratio was 
found between periods in run 2, 3 and 4 (P < 0.01), where the ratio (A/P) in the AM period was 
higher than the ratio in the PM period. 
Ammonia –nitrogen concentration in the PM period was higher than in the AM period for all 
runs, being significantly higher in run 3 (P < 0.05) and 4 (P < 0.01). Similar tendencies were 
seen for mineral concentration and rumen fluid osmolarity. In run 1 mineral concentration in 
the PM period was significantly higher than in the AM period (P < 0.05), and rumen osmolarity 
(PM period) was significantly higher in run 1 (P < 0.01) and 2 (P < 0.05). 
Rumen environment for the 6 hours of nylon bags incubation 
For the 6h of incubation, rumen pH in the PM period was lower than in the AM period, being 
significantly lower in run 1 (pH 5.69 vs. 5.97; P < 0.05) and 2 (pH 5.99 vs. 6.36; P < 0.001). 
Total VFA concentration in the PM period was higher than in the AM period and significant 
differences were detected in run 3 (P < 0.05). 
In general, acetic acid (molar proportion) in the PM period was lower than in the AM period. 
Significant differences were found in all runs (Table 4.9), however in run 2 the AM period was 
highest (P < 0.01). However, propionic and butyric acid (molar proportions) in the PM period 
were higher than in the AM period and were significant in run 3 and 4 (P < 0.01). Propionic 
acid was also higher in the PM period of run 2 (P < 0.05). The acetic to propionic acid ratio in 
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the PM period was significantly lower than in the AM period for all runs (1, P < 0.05; and 2, 3 
and 4, P < 0.01). 
Ammonia-nitrogen concentrations in the PM period was higher than in the AM period across 
the runs. Significant differences between periods were observed in all runs (1, 2 and 3, P < 
0.05); and 4, P < 0.01). Mineral concentration and rumen fluid osmolarity were also higher in 
the PM period. 
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Table 4.8. Rumen function and rumen metabolites during the interval from 0 to 3h of nylon bags 
incubation for either evening or morning periods (PM and AM) in each of four runs. 









A/P NH3-N Mineral Osmolarity 
Run 1 
PM 5.80 193 0.536 0.192 0.157 2.86 291 6415 354 
AM 5.85 162 0.629 0.186 0.134 3.38 245 5967 300 
(AM-PM ) 
difference 
0.05 -31.0 0.093 -0.006 -0.023 0.52 -46 -448 -54 
s.e.m 0.06 10.1 0.010 0.010 0.003 0.16 24.2 82.4 3.7 
LSD (5%) 0.27 45.6 0.045 0.046 0.014 0.74 108.7 370.9 16.8 
P value 0.569 0.119 0.007 0.738 0.012 0.112 0.267 0.031 0.002 
Run 2 
PM 5.84 167 0.627 0.200 0.124 3.53 417 8215 385 
AM 6.31 160 0.628 0.198 0.122 4.18 293 7839 324 
(AM-PM ) 
difference 
0.47 -7.0 0.001 0.002 -0.002 0.65 -124 -376 -61 
s.e.m 0.02 7.4 0.016 0.006 0.007 0.05 47.2 134.3 8.0 
LSD (5%) 0.07 33.4 0.073 0.028 0.030 0.24 212.3 604.5 35.9 
P value <0.001 0.522 0.969 0.814 0.839 0.003 0.160 0.142 0.013 
Run 3 
PM 6.23 172 0.568 0.219 0.152 2.59 441 8405 338 
AM 6.53 151 0.619 0.199 0.125 3.11 279 8313 306 
(AM-PM ) 
difference 
0.30 -21.0 0.051 -0.02 -0.027 0.52 -162 -92 -32 
s.e.m 0.10 5.0 0.005 0.002 0.005 0.05 21.9 175.7 18.9 
LSD (5%) 0.46 22.5 0.020 0.009 0.021 0.23 98.6 790.6 84.9 
P value 0.134 0.060 0.004 0.007 0.027 0.005 0.014 0.735 0.317 
Run 4 
PM 6.05 157 0.569 0.224 0.157 2.55 266 8267 325 
AM 6.23 142 0.615 0.205 0.134 3.01 119 7745 302 
(AM-PM ) 
difference 
0.18 -15.0 0.046 -0.019 -0.023 0.46 -147 -522 -23 
s.e.m 0.07 7.2 0.004 0.002 0.003 0.03 17.2 210.1 8.3 
LSD (5%) 0.31 32.4 0.017 0.007 0.014 0.12 77.6 945.6 37.1 
P value 0.159 0.228 0.003 0.004 0.012 0.001 0.009 0.177 0.135 
Total VFA are expressed in mmol/L; acetic, propionic and butyric acids are expressed as mol/mol total VFA; A/P  
= ratio of acetate (A) to propionate (P); NH3-N is expressed in mg/L; Mineral is expressed in ppm; Osmolality is 




Table 4.9. Rumen function and rumen metabolites during the interval from 0 to 6h of nylon bags 
incubation for either evening or morning periods (PM and AM) in each of four runs. 









A/P NH3-N  Mineral  Osmolarity  
Run 1 
PM 5.69 203 0.568 0.193 0.205 2.98 334 6371 356 
AM 5.97 164 0.655 0.183 0.141 3.59 208 5887 303 
(AM-PM)  
difference 
0.28 -39.0 0.087 -0.010 -0.064 0.61 -126 -484 -53 
s.e.m 0.03 11.7 0.012 0.008 0.018 0.11 23.3 79.7 4.9 
LSD (5%) 0.15 52.5 0.054 0.035 0.079 0.50 105.0 358.9 22.0 
P value 0.010 0.098 0.014 0.429 0.080 0.029 0.032 0.023 0.004 
Run 2 
PM 5.99 182 0.634 0.196 0.120 3.45 420 8206 371 
AM 6.36 163 0.628 0.202 0.124 4.26 258 7939 289 
(AM-PM )  
difference 
0.37 -19.0 0.006 0.006 0.004 0.81 -162 -267 -82 
s.e.m 0.02 6.08 0.001 0.001 0.001 0.06 34.2 76.9 24.0 
LSD (5%) 0.090 27.4 0.003 0.004 0.005 0.27 153.9 346.3 108.2 
P value <0.001 0.116 0.007 0.012 0.112 0.002 0.044 0.091 0.096 
Run 3 
PM 6.22 171 0.573 0.218 0.150 2.64 423 8457 335 
AM 6.52 154 0.616 0.201 0.127 3.07 290 8380 309 
(AM-PM )  
difference 
0.30 -17.0 0.043 -0.017 -0.023 0.43 -133 -77 -26 
s.e.m 0.14 3.7 0.004 0.001 0.004 0.04 28.8 129.5 9.3 
LSD (5%) 0.64 16.6 0.017 0.006 0.018 0.16 129.6 582.9 41.7 
P value 0.239 0.048 0.004 0.004 0.029 0.004 0.047 0.703 0.144 
Run 4 
PM 6.04 158 0.569 0.224 0.156 2.56 262 8415 324 
AM 6.25 150 0.611 0.207 0.136 2.96 119 7764 308 
(AM-PM )  
difference 
0.21 -8.0 0.042 -0.017 -0.02 0.40 -143 -651 -16 
s.e.m 0.06 5.5 0.004 0.002 0.003 0.02 10.9 228.2 6.6 
LSD (5%) 0.26 24.9 0.018 0.007 0.014 0.13 49.1 1027.2 29.6 
P value 0.080 0.367 0.005 0.005 0.020 0.002 0.003 0.137 0.180 
Total VFA are expressed in mmol/L; acetic, propionic and butyric acids are expressed as mol/mol total VFA; A/P 
= ratio of acetate (A) to propionate (P); NH3-N is expressed in mg/L; Mineral is expressed in ppm; Osmolality is 
expressed in mOsm/L. 
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4.3.7 Relationships between in sacco fibre disappearance and in vivo rumen 
environment 
The relationship between the in sacco fibre (NDF and ADF) disappearance and the in vivo 
rumen environment (rumen pH and fermentation end products) was investigated by regression 
analyses. The results are presented in Table 4.10 and Table 4.11. 
Table 4.10. Regression equations relating in sacco neutral detergent fibre disappearance (%) (= y) of 
frozen minced grass (MG), hay (H) and fresh chopped grass (FG) incubated for six hours with individual 
measures of rumen environment (= x). 
Rumen parameters (x) Regression equation R2 P value r 
MG 
pH y= -44.73 + 14.55 (± 4.6) 0.278 0.004 0.527 
Total VFA y= 71.43 – 0.163 (± 0.07) 0.141 0.034 0.376 
Acetic acid y= 43.19 + 1.27 (± 53.9) 0.000 0.981 0.004 
Propionic acid y= 46.38 – 11.89 (± 123.9)  0.000 0.924 0.018 
Butyric acid y= 39.08 + 29.73 (± 40.1) 0.018 0.464 0.134 
NH3-N y= 58.35 – 0.050 (± 0.02) 0.264 0.003 0.513 
Mineral y= 45.13 – 0.000 (± 0.002)  0.000 0.937 0.015 
Osmolarity y= 93.50 – 0.153 (± 0.05) 0.266 0.003 0.515 
H 
pH y= -15.84 + 3.46 (± 0.87) 0.377 < 0.001 0.614 
Total VFA y= 9.57 – 0.025 (± 0.02) 0.077 0.124 0.277 
Acetic acid y= -9.02 + 23.77 (± 10.2) 0.153 0.027 0.392 
Propionic acid y= 15.21 – 48.29 (± 23.9) 0.119 0.052 0.346 
Butyric acid y= 8.08 – 16.31 (± 7.8) 0.128 0.044 0.358 
NH3-N y= 6.70 – 0.005 (± 0.003) 0.077 0.125 0.278 
Mineral y= 5.84 – 0.000 (± 0.000) < 0.001 0.885 0.027 
Osmolarity y= 17.99 – 0.04 (± 0.009) 0.406 < 0.001 0.637 
FG 
pH y= 12.48 + 2.51 (± 4.1) 0.014 0.545 0.120 
Total VFA y= 34.16 – 0.04 (± 0.06) 0.017 0.470 0.132 
Acetic acid y= 99.32 – 119.2 (± 33.6) 0.295 0.001 0.544 
Propionic acid y= -20.74 + 234.98 (± 81.4) 0.217 0.007 0.467 
Butyric acid y= 19.23 + 47.15 (± 28.8) 0.082 0.112 0.286 
NH3-N y= 21.46 + 0.02 (± 0.01) 0.070 0.142 0.265 
Mineral y= 6.06 + 0.003 (± 0.001) 0.124 0.048 0.352 
Osmolarity y = 20.64 + 0.02 (± 0.04) 0.008 0.629 0.089 
Note: pH regression analysis was done with n= 28 (missing some pH data). 
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A positive relationship was seen between MG NDF disappearance and rumen pH (R2 = 0.278; 
P < 0.01), NH3-N (R2 = 0.264; P < 0.01) and osmolarity (R2 = 0.266; P < 0.01). Hay NDF 
disappearance was positively correlated only with rumen pH (R2 = 0.377; P < 0.001) and 
osmolarity (R2 = 0.406; P < 0.001), whereas NDF disappearance in FG was positively correlated 
with acetic acid (R2 = 0.295; P = 0.001) and propionic acid (R2 = 0.217; P < 0.01). 
Table 4.11. Regression equations relating in sacco acid detergent fibre disappearance (%) (= y) of frozen 
minced grass (MG), hay (H) and fresh chopped grass (FG) incubated for six hours with individual 
measures of rumen environment (= x). 
Rumen parameters (x) Regression equation R2 P value R 
MG 
pH y= -107.73 + 22.21 (± 5.7) 0.371 < 0.001 0.609 
Total VFA y= 61.47 – 0.19 (± 0.10) 0.105 0.070 0.324 
Acetic acid y= -33.10 + 101.88 (± 72.2) 0.062 0.168 0.250 
Propionic acid y= 60.43 – 156.2 (± 168.9) 0.028 0.362 0.166 
Butyric acid y= 41.51 – 77.81 (± 54.1) 0.064 0.161 0.254 
NH3-N y= 45.38 – 0.058 (± 0.02) 0.185 0.014 0.430 
Mineral y= 33.34 – 0.000 (± 0.003) 0.002 0.820 0.042 
Osmolarity y= 105.55 – 0.24 (± 0.06) 0.334 < 0.001 0.578 
H 
pH y= -2.29 + 1.18 (± 1.5) 0.023 0.438 0.153 
Total VFA y= 11.13 – 0.03 (± 0.02) 0.099 0.078 0.316 
Acetic acid y= -8.02 + 21.22 (± 14.13) 0.070 0.144 0.264 
Propionic acid y= 10.89 – 29.68 (± 33.2) 0.026 0.378 0.161 
Butyric acid y= 5.40 – 3.30 (± 10.9) 0.003 0.766 0.055 
NH3-N y= 9.64 – 0.017 (± 0.003) 0.394 < 0.001 0.628 
Mineral y= 12.99 – 0.001 (± 0.000) 0.140 0.035 0.374 
Osmolarity y= 19.32 – 0.04 (± 0.01) 0.307 0.001 0.554 
FG 
pH y= 6.06 + 0.50 (± 3.0) 0.001 0.870 0.032 
Total VFA y= 11.43 – 0.01 (± 0.04) 0.004 0.742 0.060 
Acetic acid y= 6.57 +4.18 (± 28.3) < 0.001 0.884 0.027 
Propionic acid y= 36.61 – 135.4 (± 60.2) 0.144 0.032 0.379 
Butyric acid y= 3.36 + 34.91 (± 20.3) 0.089 0.096 0.299 
NH3-N y= 16.59 - 0.03 (± 0.01) 0.258 < 0.001 0.508 
Mineral y= 27.45 - 0.003 (± 0.00) 0.211 0.008 0.459 
Osmolarity y = 15.49 – 0.02 (± 0.03) 0.016 0.490 0.126 
Note: pH regression analysis was done with n= 28 (missing some pH data). 
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A positive relationship was seen between MG ADF and rumen pH (R2 = 0.371; P < 0.001) and 
osmolarity (R2 = 0.334; P < 0.001). Hay and FG ADF disappearance was positively correlated 
with NH3-N (R2 = 0.394; P < 0.001 and R2 = 0.258; P < 0.001). Hay ADF disappearance was 
positively related to osmolarity (R2 = 0.307; P = 0.001) while that for fresh chopped grass was 
positively correlated with mineral concentration (R2 = 0.211; P < 0.01). 
4.4 Discussion 
This research aimed to determine the influence of in vivo diurnal variation of rumen 
environment on in situ fibre degradation in two sub-diurnal periods, each of 6h; and establish 
the relationship between fibre degradation and rumen fermentation end products and rumen 
metabolites. It is important to highlight that the information presented in this study is quite 
distinctive. The rumen environments were those of grazing animals in an in vivo trial rather 
than either an in vitro trial or where rumen metabolites have been manipulated for example by 
rumen infusions. Consequently, the objective of this study was to provide a better understanding 
of how the diurnal variation within the rumen environment in grazing animals could affect fibre 
degradation. 
The most important finding of this study was that the absolute NDF disappearance of the high 
quality standard (MG) and the low quality standard (H) was a lot greater in the AM period 
compared to the PM period. The mean of the four runs of MG NDF disappearance (6h after 
incubation) in the AM period was 49.3% vs. 38.6% in the PM period (P < 0.05). Hay mean 
NDF disappearance in the AM period was 7.4% vs. 4.0% in the PM period (P < 0.05). The 
difference in the NDF disappearances between PM and AM periods, may indicate that the 
extent of NDF digestion is affected by the diurnal variation of the rumen environment. 
In this study, a clear difference in rumen pH and rumen fermentation end products was observed 
between periods (Table 4.9), similar to that of Chapter 3. The diurnal variation seen in the PM 
and AM periods reflects the more commonly used feeding practice in the South Island, where 
cows receive a new 24h pasture allocation after the afternoon milking. After the morning 
milking cows return to the same pasture allocation where they graze to the desired pasture 
residual until the next milking episode. Thus, the greater NDF disappearance seen in the AM 
period, took place when rumen pH was higher and the concentration of the rumen metabolites 
were lower than in the PM period. Additionally, a positive relationship was found between MG 
NDF loss and rumen pH, NH3-N and osmolarity (Table 4.10). These results support the 
outcomes that had previously been described as a factors that reduce fibre digestion, either by 
in vitro systems or by manipulation of the rumen environment, such as low rumen pH (Cerrato-
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Sanchez et al., 2007; de Veth & Kolver, 1999), and high concentrations of rumen metabolites 
(Owens & Goetsch, 1988). The significantly higher NDF degradation of MG observed after 6h 
incubation in run 1 and run 2 (Table 4.4) happened when rumen pH was increased from 5.69 to 
5.97 (run 1) and from 5.99 to 6.36 (run 2); and when the concentration of rumen metabolites 
were reduced (Table 4.9). 
Wales et al. (2004), reported an in vitro reduction of fibre degradation of 14% when a pH of 
5.6 was maintained compared to pH 6.1. Furthermore, the authors reported a higher reduction 
of NDF degradation (30%) when the mean pH used was 5.6 compared to a mean pH of 6.1. 
Additionally, Mehrez et al. (1977) observed that DM disappearance was greater when rumen 
NH3 levels ranged between 200 to 270mg/L. Values higher than 270mg/L did not improve DM 
disappearance. Furthermore, Owens and Goetsch (1988) described that starch and fibre 
digestion is depr2essed when rumen osmolarity reached values above 350mOsm/L. In this 
study, the observed correlation of MG NDF disappearance and rumen pH, VFA, NH3-N and 
osmolarity were 0.278, 0.141, 0.264, 0.266 respectively – this is a positive association, but 
rather weak. There is evidence that higher starch diets promote greater rumen osmolarity 
(Trotter, 2012), and that South Island pasture based cattle have unusually high osmolarity for a 
forage diet. This suggests that on pasture, rumen osmolarity is not a principal driver of reduced 
fibre degradation, in contrast to the TMR studies. 
The extent and rate of NDF disappearance has a direct impact on rumen volume and, therefore, 
on potential DMI, especially under grazing conditions where the animals need to eat larger 
amounts of feed to cover their dietary needs. In this study, the maximum rate and extent of NDF 
disappearance was seen in MG (6h post incubation). The absolute linear degradation rate of 
NDF in the PM period varied from 5% to 8%/h; while in the AM period varied from 7% to 
9%/h. Similar result of NDF disappearance rate (5.3%/h) during a PM period in spring was 
observed in vivo using the rumen evacuation technique (Chapter 3- Table 3.7). 
van Vuuren et al. (1992), reported in situ NDF degradation between 4.2%/h for low fertilized 
grass in late season to 5.6%/h for high fertilized grass in early season, in housed cows. In 
addition, Owens et al. (2008) reported a 6.7%/h of NDF degradation rate of perennial ryegrass 
using in sacco technique and a 5.0 and 4.4%/h by rumen evacuations in housed steers fed 
perennial ryegrass of different regrowth intervals. 
As was expected, the extent of the pdNDF disappearance of MG in the AM period was also 
higher than in the PM period (run 3: 53.3%, and run 4: 48.7%). The fractional pdNDF 
degradation rate in run 3 was 13% and in run 4 was 11%. These results are higher than those 
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reported by Hoffman et al. (1993), who described a fractional degradation rate of pdNDF of 
9%/h for vegetative perennial ryegrass. Kolver and de Veth (2002), stated that rates of fibre 
degradation can be as high as 9 to 16%/h in intensively managed pastures. However, the authors 
did not report the rates of the pdNDF. Sun et al. (2010), reported a fractional degradation rate 
of perennial ryegrass between 9.9 and 18.3%/h. The extensive range described by the authors 
was due to the differences in cultivars and weeks of regrowth. 
Nonetheless, there are other authors who have described a lower degradation rates for the 
pdNDF fraction such as Taweel (2004), who described a fractional degradation rate of the 
pdNDF fraction between 2.6 and 3.6%/h (values calculated through rumen evacuations data) 
and values between 2.4 and 2.7%/h in freeze dried chopped perennial ryegrass (using in sacco 
technique). Steg et al. (1994), also reported values at 2.7 and 2.9%/h for early and late ryegrass 
cut. One possible explanation of these low fractional rates obtained by the authors might be the 
high NDF concentration on pasture used in their study compared with the present study (from 
40 to 58% vs. 30- 35%). 
Furthermore, the pdNDF fraction of MG in this study was 98%, while the iNDF fraction ranged 
from 1.5 to 3.0%. Similar results were reported by van Vuuren, Vanderkoelen, and 
Vroonsdebruin (1993); Salaun et al. (1999) and Taweel (2004). The authors reported values of 
the pdNDF fraction between 74% and 94%. Whereas Hoffman et al. (1993) reported values of 
the pdNDF fraction between 65% and 72% and iNDF fraction values between 27% and 13% 
for perennial ryegrass at different stage of maturity. 
In addition, the estimated effective degradability of MG in this study varied from 58% to 68%. 
Williams et al. (2005) reported similar high values (64% - 70%) for the estimated effective 
degradability in the rumen of perennial ryegrass at grazing allowances of 46 vs. 
21kgDM/cow/day using a 8% and 5% for the high and low pasture allocation respectively. 
Frozen minced grass had the highest NDF disappearance between FGpm and FGam (Table 4.4). 
One could assume that this greater NDF disappearance seen in the MG treatment might be 
either the result of a difference in forage composition, since the grass was cut six days prior to 
the grass for FG preparation, or a difference in methods used to prepare forage for incubation. 
The first assumption might be discarded, since MG and the FGpm grass had a similar NDF 
concentration in each run (Table 4.2); despite run 1 where FGpm had higher NDF concentration 
than MG (38% vs. 33%, respectively). On the other hand, when comparing methods of forage 
preparation between incubated feeds, mincing MG pasture leads to cell wall fracture and an 
increase in surface area and attachment opportunities for fibre degrading bacteria. Forage 
 123 
preparation had a significant effect on DM loss during in sacco incubation (Barrell et al., 2000) 
where mincing grass both decreased particle size and increased the amount of soluble DM 
released. 
Furthermore, it is important to emphasise the limitations of in situ techniques for the estimation 
of feed degradation (Orskov et al., 1980), where surface area and pore size of the bags are 
important factors affecting the disappearance of feed components (Huhtanen et al., 1998; 
Mehrez & Ørskov, 1977). Degradation rates are generally slower when compared with rates 
from rumen evacuations. Microbial activity inside the bags has been described as lower 
compared with microbial activity of rumen digesta (Huhtanen et al., 1998). 
4.5 Conclusions 
Results of this study on fibre disappearance from nylon bags suggest that fibre degradation is 
affected by the in vivo diurnal variation of rumen environment seen in lactating, grazing dairy 
cows. A rumen environment with low rumen pH and high fermentation end products (afternoon 
period) reduced fibre digestion when compared with a rumen environment of high pH and low 
fermentation end products (morning period). The highest correlation of rumen metabolites with 
NDF degradation of MG was 0.278, the lowest <0.000. This suggests that the marked diurnal 
variations of rumen pH, NH3-N and osmolarity influence NDF digestion in high intake, pasture 
based dairy cows. 
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flux of H+ in bacteria from extracellular to intracellular due to the differences in the gradient of 
H+. As a consequence K is pumped from bacteria, intracellular to the extracellular, leading to 
intracellular acidosis. However, since rumen fluid in grazing dairy cows in the South Island, 
NZ is high in K (Table A. 1), a flux of K from the extracellular to intracellular may occur 
providing bacteria with greater potential to protect them self from the high concentration of H+ 
in the rumen fluid. A similar suggestion was made by Kroll and Booth (1983) who studied the 
pH regulation in Escherichia coli (E.coli) using K. Furthermore, Booth (1985) concluded that 
K may play an important role in the control of the internal pH of bacteria, especially when the 
external pH drops. 
Therefore, based on the previous concepts K concentration in South Island dairy cow diets, and 
therefore rumens, may be a factor in reducing the effect of lower pH on NDF degradation, given 
that in sacco assessments (Chapter 4) and previous in vitro assessments (de Veth & Kolver, 
2001a) suggest that the impact should be greater than has been observed in vivo (Chapter 3). In 
this study the concentration of K was increased in the traditional artificial salivary buffer 
(Teather’s 1990 recipe) to better produce an in vitro rumen fluid concentration that matched 
that observed in vivo. This was used to evaluate the relationships between rumen pH and K 
concentration of the buffer solution on fibre digestion. Four dual-flow continuous culture 
systems were used to determine whether a saliva buffer with a high K concentration would 
minimize the effect of low rumen pH on fibre digestion over a 6h period. 
5.2 Materials and methods 
All procedures involving the use of animals had prior approval from the Lincoln University 
Animal Ethics Committee (LUAEC) and licensed in accordance with the Animal Welfare Act, 
New Zealand. 
5.2.1  Experimental design 
Four dual-flow continuous culture fermenters (Figure 5.1) each of 1,400 ml, were used in a 4x4 
Latin square design (Table 5.1), to study the effect of rumen pH and salivary K concentration 
on NDF degradation. Treatments were randomly assigned according to a Latin square design 
within periods. Fermenters were inoculated with rumen fluid obtained from three rumen 
fistulated dairy cows (grazing a ryegrass dominant pasture) and strained through two layers of 
cheesecloth. Subsequently, the collected rumen fluid from the three cows was mixed and 
maintained at about 38oC before being placed into the fermenters within 30min of collection. 
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The culture fermenters were maintained at 39 ± 0.5oC and the agitation system was set at 180 
rpm. Solid (5%/h) and liquid (12%/h) dilution rate were adjusted daily by regulation of saliva 
buffer input, filtrate removal rates (Masterflex® Cole Parmer Instrument Co. 1-100 RPM Pump) 
and the ratio of the filtered: overflow effluent volumes. The dilution rates used in this study 
were similar to those used by de Veth & Kolver (1999, 2001a), and were equivalent to a rumen 
retention time of 8.3 and 20h respectively. Both effluents were weighed daily at the same time 
and recorded each day to determine fractional disappearance rates and volumes. Anaerobic 
conditions were maintained by infusion of nitrogen gas (N2) free of oxygen at the rate of 
30ml/min. Nitrogen flow was measured with a bubble-type flow meter (Dwyer®). Artificial 
saliva was continuously infused into the flasks (FMI Lab Pump Model QG20). The pH was 
maintained at each threshold value by automatic infusion of 5N HCl or 5N NaOH. 
For the low pH treatment an average of 43± 3.1 and 19 ± 2.0ml/fermenter/day of HCl and NaOH 
were used respectively, compared with the high pH treatment where a mean of 23 ± 4.5 and 18 
± 1.6ml/fermenter/day of HCl and NaOH were used respectively. The experiment comprised 
of four experimental periods with a six day stabilization period, followed by a four day sampling 
period. 
 
Figure 5.1. Dual flow continuous culture fermenters. 
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Table 5.1. Experimental design of 4x4 Latin square, with pH and potassium concentration as a 
treatments. 
 Run 
Fermenter 1 2 3 4 
1 A D C B 
     
2 B C D A 
     
3 C B A D 
     
4 D A B C 
 
5.2.2 Fermenter feed 
High quality ryegrass pasture (Table 5.2) was harvested in autumn (April 2011) from Lincoln 
University dairy farm (LUDF) NZ (43.6500° S, 172.4833° E), and oven dried for 48h in a 
forced air oven at 55ºC, ground to 2mm particle size and formed into loose pellets through 
compression (Figure 5.2). Intake of DM was held constant across the periods at 60g of 
DM/fermenter/day. The fermenters were fed once a day at 1000h. 







Organic matter 88.4 
Crude protein 27.9 
Total non-structural carbohydrate 12.5 
Neutral detergent fibre 33.0 
Acid detergent fibre 18.1 
Crude fat 5.2 
A, high pH - high K concentration 
B, low pH - high K concentration 
C, high pH - low K concentration 




Figure 5.2. Hydraulic compressor on the left and grass pellets on the right. 
 
5.2.3 Treatments 
The treatments used in this experiment were categorized as low or high pH; and low or high K 
concentration in saliva buffer. Low pH ranged from 5.5 to 5.8; whereas high pH ranged from 
6.3 to 6.6. The pH treatments were set up in the pH control panel of the fermenters according 
to each vessel treatment. In addition to this, calibration of the pH probes (pH electrode model 
IJ44A/C, Ionode, Australia) was performed every second day during the experimental period, 
using pH buffers 4.0 and 7.0. 
In order to generate a new saliva buffer recipe, the saliva of five dairy cows under grazing 
conditions in summer were collected on two consecutives mornings before feeding, for mineral 
analysis. Mineral analyses were also undertaken on rumen fluid from a previous trial (summer 
2010-Chapter 3) and a high quality temperate perennial ryegrass (cultivar, Bealey) (Table 5.3). 
Before the start of the experimental period, a fermenter pre-run was carried out using high 
quality Bealey to measure mineral content of the liquid phase, before and after feeding, using 
the traditional saliva buffer (Teather’s 1990 recipe). An appropriate buffer composition for this 
type of high quality pasture was created by modifying the traditional saliva buffer which was 
subsequently used for the trial period (Table 5.4). 
 129 
Relative to the more traditional buffer K and magnesium (Mg) were increased three and two 
times, respectively while Na was reduced to maintain the buffer osmolality (around 
140mOsm/L). 
Table 5.3. Minerals composition of saliva, rumen fluid, and dry pelleted grass samples. 
Minerals Saliva Rumen fluid Bealey grass 
(g/L) (g/L) (g/kgDM) 
Ca 0.050 0.055 5.611 
K 0.617 0.960 31.408 
Mg 0.008 0.033 0.106 
Na 0.339 2.263 3.737 
P 0.201 0.334 5.512 
Ca, calcium; K, potassium, Mg, magnesium; Na, sodium; P, phosphorous 
Table 5.4. Chemical composition of saliva buffer (g/L). 
 Composition (g/L) 
Traditional saliva 
buffer (low K) 
Modified saliva 
buffer (high K) 
Buffer solution NaH2PO4.2H2O 4.850 4.630 
 NaHCO3 4.600 4.400 
    
Salt solution CaCl2.2H2O 0.018 0.018 
 MgCl2 0.017 0.034 
 NaCl2 0.280 - 
 KCl 0.358 1.070 
    
Urea solution Urea 0.300 0.300 
NaH2PO4.2H2O, sodium dihydrogen phosphate; NaHCO3, sodium bicarbonate; CaCl2.2H2O, calcium chloride 
dehydrate; MgCl2, magnesium chloride; NaCl2, sodium chlorine; KCl, potassium chloride; urea. 
 
5.2.4 Samples collection 
Each experimental period consisted of 6 days for adaptation and 4 days of sampling. Digesta 
samples were collected during the last 4 days of each four, 10 days experimental period. 
During sampling days, effluent collection containers were maintained at 4oC in a water bath, to 
prevent microbial action (de Veth & Kolver, 2001a). On day 7, samples were collected every 
3h from solid and liquid effluents. Briefly, each effluent (liquid and solid) was weighed, mixed 
and homogenized thoroughly. A subsample of each effluent was strained through two layers of 
cheesecloth and stored in the freezer until utilised for VFA, NH3 and minerals assessments. The 
remainder of the samples were kept frozen for later DM, NDF, ADF, N and ash analyses. 
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On day 8, 9 and 10, samples were collected, 6h after feeding, from solid and liquid effluents as 
above. On the last day of each period (day 10), rumen content from the vessels were weighed, 
mixed thoroughly, and subsampled for DM, NDF, ADF, N, Ash, VFA, NH3 and mineral, 
analyses. No further samples were collected on the final day. 
5.2.5 Methods of analysis 
5.2.5.1 Liquid phase 
Sample preparation and sample analysis for all rumen and effluents liquid phase parameters 
(VFA, NH3 and mineral content) have been carried out as been described in Section 3.2.4.1. 
5.2.5.2 Solid phase 
Sample preparation and analysis for fermentation vessels and effluent DM, total N and ash 
have been carried out as been described in Section 3.2.4.2. 
Fibre content 
Samples from rumen and effluent fibre analysis were thawed over night at room temperature, 
then thoroughly mixed and centrifuged at 1,300 rpm at 4°C for 30min to separate particles from 
the supernatant and reduce the volume to freeze dry. Subsamples of randomly selected 
supernatant were taken for NDF assessment to confirm that no fibres remained in the 
supernatant. Subsequent NDF analysis showed that no fibres were present in the supernatant 
(NDF ranged from -0.03 to -0.64%). Furthermore, DM assessment of the supernatant confirmed 
that no particles were present; DM ranged from 0.013 to 0.016%. 
Afterwards, samples for fibre assessment were freeze-dried and milled through a 1mm screen 
centrifugal rotor mill (Retsch- ZM, Haan, Germany). Neutral detergent fibre and acid detergent 
fibre content were determined using the protocols of Van Soest et al. (1991) described in 
Section 3.2.4.2 with some minor modifications. Briefly, samples already boiled for 1h in the 
detergent solution were centrifuged for 5min at 10,000 rpm at 20oC (Beckman centrifuge JA20 
rotor). Immediately, the resulting supernatant was filtered under suction and the fibrous pellet 
was dissolved in hot water and centrifuged again. Samples were washed and centrifuged seven 
times to rinse them. To finalize the process, the pellet was dissolved in acetone and filtered. 
Thereafter, the procedure was the same as described by Van Soest et al. (1991). 
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5.3 Statistical analyses 
Data were analysed using the general analysis of variance procedure of GenStat (version 15; 
VSN International Ltd, Hemel Hempstead, UK) according to a 2 x 2 factorial, with block factors 
fermenters and run, and treatments factors pH and K concentration on saliva buffer. 
5.4 Results 
5.4.1  The effects of pH and potassium concentration on fermenters solid phase 
measured parameters 
5.4.1.1 Fermenter vessel digesta at six hours post feeding 
The influence of pH and K concentration on DM, NDF, ADF and total N (%DM) from the solid 
fraction of samples taken 6h post feeding from fermenter vessels on day 10, are shown in Table 
5.5. 
Mean DM at low pH was significantly higher than at high pH (4.13 vs. 3.54%; P < 0.05). 
However, K concentration had no effect on fermenter DM (P > 0.05). Potassium concentration 
and pH influenced fermenter DM independently (P > 0.05). 
The effect of pH on NDF, ADF and total N was similar to that for DM. A significant reduction 
in both NDF and ADF was seen at high pH (P < 0.01; P < 0.001, respectively); with NDF 
reduced by18% and ADF by 28%. Total N was reduced by 8% at low pH (P < 0.05). 
No K concentration effect was seen on NDF, ADF or total N concentration. Potassium 
concentration and pH influenced the effluent NDF, ADF and total N independently (P > 0.05). 
  
 132 
Table 5.5. The effect of pH and potassium concentration on fermenters vessels dry matter (DM), neutral 
detergent fibre (NDF), acid detergent fibre (ADF) and total nitrogen (N) (%DM) at six hours post 
feeding on day 10. 
 Treatments  %DM 
Treat 
no 
pH [K]1  DM NDF ADF N 
1 High High 3.62 29.66 16.66 5.53 
2 Low High 4.02 35.13 23.13 5.32 
3 High Low 3.46 30.08 17.55 5.61 
4 Low Low 4.23 37.92 24.59 4.91 
s.e.m 0.18 1.27 0.81 0.15 
LSD (5%) 0.64 4.41 2.81 0.52 
       
Main effect of pH     
Low pH  4.13 36.53 23.86 5.11 
High pH  3.54 29.87 17.10 5.57 
s.e.m   0.13 0.90 0.57 0.10 
LSD (5%)  0.45 3.12 1.98 0.36 
P value  0.020 0.002 < 0.001 0.022 
       
Main effect of [K]      
Low [K]   3.85 34.00 21.07 5.26 
High  [K]  3.82 32.39 19.89 5.43 
s.e.m   0.13 0.90 0.57 0.10 
LSD (5%)  0.45 3.12 1.98 0.36 
P value  0.898 0.254 0.198 0.320 
       
pH * [K] interaction     
Estimate2   0.38 2.37 0.57 -0.48 
LS Interaction3 0.90 6.24 3.97 0.73 
P value   0.350 0.388 0.735 0.157 
[K]1: potassium concentration; Estimate2: (treat mean 1 – treat mean 2) - (treat mean 3 – treat mean 4); LS 
Interaction3: Least significant interaction. 
 
5.4.1.2 Effluent digesta at six hours post feeding 
The impact of pH and K concentration on the mean concentration of effluent DM, NDF, ADF 
and total N (%DM) from the solid fraction of samples taken 6h post feeding on day 8, 9 and 10, 
are shown in Table 5.6. 
Effluent DM was not affected by pH treatment. However, at the high pH, NDF and ADF in 
effluent DM decreased by 13% (P < 0.05) and 18% (P < 0.01), respectively. While N content 
increased by 7% (P < 0.05). Potassium concentration had no effect on DM, NDF, ADF and N; 
and no pH and K interaction was detected in the measured parameters. 
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Table 5.6. The effect of pH and potassium concentration on the mean concentration of effluent dry 
matter (DM), neutral detergent fibre (NDF), acid detergent fibre (ADF) and total nitrogen (N) (%DM) 
at six hours post feeding on days 8, 9 and 10. 
 Treatments  %DM 
Treat 
no 
pH [K]1 % DM NDF ADF N 
1 High High 2.48 26.58 15.42 5.73 
2 Low High 2.39 30.57 19.29 5.33 
3 High Low 2.43 27.05 15.96 5.70 
4 Low Low 2.29 31.24 18.88 5.33 
s.e.m 0.05 1.61 0.72 0.11 
LSD (5%) 0.18 5.59 2.50 0.40 
       
Main effect of pH     
Low pH  2.34 30.90 19.09 5.33 
High pH  2.46 26.82 15.69 5.71 
s.e.m   0.03 1.14 0.51 0.08 
LSD (5%)  0.13 3.95 1.77 0.28 
P value  0.071 0.045 0.003 0.019 
       
Main effect of [K]      
Low [K]   2.36 29.15 17.42 5.51 
High  [K]  2.44 28.57 17.36 5.53 
s.e.m   0.03 1.14 0.51 0.08 
LSD (5%)  0.13 3.95 1.77 0.28 
P value  0.204 0.736 0.935 0.893 
       
pH * [K] interaction     
Estimate2   -0.06 0.20 -0.95 0.02 
LS Interaction3 0.26 7.91 3.54 0.57 
P value   0.590 0.951 0.539 0.904 
[K]1: potassium concentration; Estimate2: (treat mean 1 – treat mean 2) - (treat mean 3 – treat mean 4); LS 
Interaction3: Least significant interaction. 
 
5.4.1.3 Diurnal pattern assessed three hourly on the effluent dry matter and 
neutral detergent fibre on day 7 
The impact of pH and K concentration on the effluent DM diurnal pattern assessed 3 hourly 
from the solid fraction of samples taken on day 7 are shown in Table 5.7 and Figure 3.5. 
At the high pH, the effluent %DM was significantly reduced by 17% (1000 h; 0400 h) and 16% 
(0700 h); (P < 0.01; P < 0.05; P < 0.01, respectively). While, at the high K concentration the 
effluent %DM was increased by 15% (1300 h), 13% (1600 h) and 11% (1900 h); (P < 0.01; P 
< 0.05; P < 0.05, respectively). 
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No pH and K concentration interaction were detected on the effluent DM, with the exception 
that a slight interaction effect (P < 0.05) was found at 2200h. 
Table 5.7. The effect of pH and potassium concentration on the effluent dry matter (%DM) diurnal 
pattern on day 7. 
 Treatments         
Treat no pH [K]1 10am 1pm 4pm 7pm 10pm 1am 4am 7am 
1 High High 1.17 2.51 2.65 2.33 2.00 1.62 1.40 1.22 
2 Low High 1.33 2.44 2.63 2.36 1.88 1.71 1.60 1.43 
3 High Low 1.17 2.14 2.41 2.12 1.82 1.59 1.35 1.23 
4 Low Low 1.49 2.08 2.20 2.06 2.12 1.86 1.69 1.47 
s.e.m   0.05 0.09 0.12 0.09 0.07 0.16 0.10 0.04 
L.S.D (5%)   0.19 0.32 0.44 0.31 0.25 0.56 0.35 0.16 
           
Main effect of pH          
Low pH  1.41 2.26 2.42 2.21 2.00 1.79 1.65 1.45 
High pH  1.17 2.33 2.53 2.22 1.91 1.60 1.37 1.22 
s.e.m   0.04 0.06 0.09 0.06 0.05 0.11 0.07 0.03 
LSD (5%)  0.13 0.22 0.31 0.22 0.18 0.39 0.24 0.11 
P value   0.006 0.518 0.415 0.899 0.289 0.304 0.037 0.003 
           
Main effect of [K]          
Low [K]  1.33 2.11 2.31 2.09 1.97 1.72 1.52 1.35 
High [K]  1.25 2.48 2.64 2.34 1.94 1.67 1.50 1.32 
s.e.m   0.04 0.06 0.09 0.06 0.05 0.11 0.07 0.03 
LSD (5%)  0.13 0.22 0.31 0.22 0.18 0.39 0.24 0.11 
P value   0.197 0.008 0.042 0.032 0.700 0.744 0.819 0.634 
           
pH * [K] interaction          
Estimate2    0.16 0.01 -0.19 -0.09 0.42 0.18 0.14 0.03 
LS Interaction3  0.27 0.45 0.63 0.44 0.36 0.79 0.49 0.23 
P value   0.192 0.960 0.484 0.615 0.029 0.600 0.504 0.720 
[K]1: potassium concentration; Estimate2: (treat mean 1 – treat mean 2) - (treat mean 3 – treat mean 4); 




Figure 5.3. The effect of (a) pH and (b) potassium concentration on the effluent dry matter (%DM) 
diurnal pattern on day 7. 
 
The impact of pH and K concentration on the effluent NDF diurnal pattern assessed 3 hourly 
from the solid fraction of samples taken on day 7 are shown in Table 5.8 and Figure 5.4. 
The influence of pH on the effluent NDF content was statistically significant. At the high pH 
the effluent NDF content decreased by 28% (1000 h; P < 0.05), 19% (1900 h and 2000 h; P < 
0.05), 22% (0100 h; P < 0.001), 33% (0400 h; P < 0.001) and 30% (0700 h; P < 0.01). 
No K influence on the effluent NDF content were detected in the diurnal pattern, with the 
exception that at the high K concentration the effluent NDF content was increased by 20% (P 
< 0.05) at 1300 h. 
The influence of pH and K interaction on the effluent NDF content were independent from each 




Table 5.8. The effect of pH and potassium concentration on the effluent neutral detergent fibre (NDF 
%DM) diurnal pattern on day 7. 
 
 Treatments         
Treat no pH [K]1 10am 1pm 4pm 7pm 10pm 1am 4am 7am 
1 High High 22.1 29.0 28.7 25.2 26.6 23.6 20.4 21.2 
2 Low High 31.9 31.6 32.7 33.4 31.3 32.6 31.3 30.6 
3 High Low 24.2 24.7 29.4 27.4 23.4 25.1 20.2 21.2 
4 Low Low 32.7 27.8 27.5 31.6 30.5 29.4 28.9 30.2 
s.e.m   2.56 1.36 1.88 2.01 1.46 0.76 1.12 2.04 
L.S.D (5%)   9.30 4.97 6.51 7.30 5.76 2.79 4.07 7.07 
           
Main effect of pH          
Low pH  32.3 29.7 30.1 32.5 30.9 31.0 30.1 30.4 
High pH  23.1 30.3 29.0 26.3 25.0 24.3 20.3 21.2 
s.e.m   1.81 0.96 1.33 1.42 1.03 0.54 0.79 1.44 
LSD (5%)  6.58 3.51 4.60 5.16 4.07 1.97 2.88 5.00 
P value   0.016 0.093 0.590 0.028 0.016 < 0.001 < 0.001 0.004 
           
Main effect of [K]          
Low [K]  28.4 26.0 28.5 29.5 26.9 27.2 24.6 25.7 
High [K]  27.0 31.2 30.7 29.3 28.9 28.1 25.9 25.9 
s.e.m   1.81 0.96 1.33 1.42 1.03 0.54 0.79 1.44 
LSD (5%)  6.58 3.51 4.60 5.16 4.07 1.97 2.88 5.00 
P value   0.598 0.032 0.286 0.932 0.248 0.301 0.301 0.917 
           
pH * [K] interaction          
Estimate2    -1.3 0.6 -5.8 -4.0 2.4 -4.7 -2.2 -0.4 
LS Interaction3  13.1 7.0 9.2 10.3 8.1 3.9 5.7 9.9 
P value   0.814 0.829 0.170 0.366 0.459 0.028 0.361 0.951 
[K]1: potassium concentration; Estimate2: (treat mean 1 – treat mean 2) - (treat mean 3 – treat mean 4); 
LSInteraction3: Least significant interaction. 
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Figure 5.4. The effect of (a) pH and (b) potassium concentration on the effluent neutral detergent fibre 
(NDF %DM) diurnal pattern on day 7. 
 
5.4.2 The effects of pH and potassium concentration on fermenters liquid phase 
measured parameters 
5.4.2.1 Fermenter vessel metabolites and rumen environment at six hours post 
feeding 
The influence of rumen pH and K concentration on rumen fermentation end products from the 
liquid phase of samples taken 6h post feeding, are shown in Table 5.9. 
At high pH, the total VFA concentration, molar proportions of acetic acid and mineral content 
were significantly higher than at the low rumen pH treatment (P < 0.001; P < 0.01; P < 0.01, 
respectively). The total VFA increased by 49%, acetic acid by 13%, and mineral content by 
11%. While butyric acid was reduced by 91% (P < 0.01) at the high pH treatment. 
No K concentration influence on fermentation end products was found. However, mineral 
content at the high K concentration treatment was higher than at the low K concentration (4657 




Table 5.9. The effect of pH and potassium concentration on fermenter vessel metabolites and rumen 
environment at six hours post feeding. 
 Treatments        
Treat 
no 
pH [K]1 Total VFA Acetic Propionic Butyric A/P NH3-N Minerals 
1 High High 125.7 0.682 0.179 0.004 3.83 144.6 4983 
2 Low High 81.0 0.592 0.186 0.072 3.21 127.5 4331 
3 High Low 115.1 0.673 0.191 0.009 3.54 130.1 4508 
4 Low Low 80.6 0.609 0.152 0.065 4.19 132.5 4184 
s.e.m  4.5 0.014 0.012 0.014 0.327 15.94 122 
LSD (5%)  15.7 0.047 0.041 0.050 1.131 55.16 423 
          
Main effect of pH        
Low pH  80.8 0.600 0.169 0.069 3.70 130.0 4257 
High pH  120.4 0.678 0.185 0.006 3.69 137.4 4745 
s.e.m  3.2 0.010 0.008 0.010 0.231 11.27 86 
LSD (5%)  11.1 0.033 0.029 0.035 0.800 39.01 299 
P value  < 0.001 0.001 0.220 0.005 0.972 0.659 0.007 
          
Main effect of [K]        
Low [K]  97.9 0.641 0.171 0.037 3.86 131.3 4346 
High [K]  103.4 0.637 0.183 0.038 3.52 136.1 4657 
s.e.m  3.2 0.010 0.008 0.010 0.231 11.27 86 
LSD (5%)  11.1 0.033 0.029 0.035 0.800 39.01 299 
P value  0.271 0.792 0.399 0.957 0.333 0.774 0.044 
         
pH * [K] interaction        
Estimate2   10.2 0.026 -0.046 -0.012 1.27 19.5 328 
LS Interaction3 22.2 0.066 0.058 0.071 1.599 78.00 598 
P value  0.304 0.379 0.103 0.676 0.100 0.564 0.228 
[K]1: potassium concentration; Estimate2: (treat mean 1 – treat mean 2) - (treat mean 3 – treat mean 4); 
LSInteraction3: Least significant interaction.Total VFA are expressed in mmol/l; acetic, propionic and butyric 
acids are expressed as mol/mol total VFA; A/P = ratio of acetate to propionate; NH3-N is expressed in mg/L; 
Minerals is expressed in ppm. 
 
5.4.2.2 Concentration of rumen metabolites from the effluent liquid phase at 
six hours post feeding 
The influence of rumen pH and K levels on the concentration of rumen metabolites from the 
effluents liquid phase of samples taken 6h post feeding, are shown in Table 5.10. 
The concentration of total VFA, acetic and propionic acid increased significantly (P < 0.001; P 
< 0.05; P < 0.01, respectively) at the high pH. Total VFA concentration was increased by 11%, 
whereas the molar proportion of acetic and propionic acid were increased by 5% and 13% 
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respectively. However, the molar proportion of butyric acid and the ratio of acetic to propionic 
acid (A/P), were reduced by 37% (P < 0.001) and 9% (P < 0.05), respectively. 
At high K levels, propionic acid was increased by 10% (P < 0.05); while the molar proportion 
of acetic to propionic acid was reduced by 11% (P < 0.05). 
Table 5.10. Fermentation end products of the effluent for each treatment at six hours post feeding. 
 Treatments        
Treat 
no 
pH [K]1 Total VFA Acetic Propionic Butyric A/P NH3-N Minerals 
1 High High 119.2 0.613 0.127 0.096 4.87 255.8 4372 
2 Low High 105.8 0.588 0.113 0.153 5.24 229.7 4310 
3 High Low 119.2 0.624 0.117 0.086 5.34 246.3 4410 
4 Low Low 109.2 0.592 0.099 0.136 6.00 230.3 4179 
s.e.m  1.46 0.011 0.004 0.007 0.201 11.14 145.6 
LSD (5%)  5.05 0.039 0.014 0.023 0.694 38.56 503.9 
          
Main effect of pH        
Low pH  107.5 0.590 0.107 0.144 5.62 230.0 4245 
High pH  119.2 0.618 0.121 0.091 5.11 251.0 4391 
s.e.m  1.03 0.008 0.003 0.005 0.142 7.88 103.0 
LSD (5%)  3.57 0.027 0.010 0.016 0.491 27.27 356.3 
P value  < 0.001 0.043 0.009 < 0.001 0.042 0.108 0.354 
          
Main effect of [K]        
Low [K]  114.2 0.608 0.109 0.111 5.67 238.0 4295 
High [K]  112.5 0.600 0.120 0.125 5.06 242.8 4341 
s.e.m  1.03 0.008 0.003 0.005 0.142 7.88 103.0 
LSD (5%)  3.57 0.027 0.010 0.016 0.491 27.27 356.3 
P value  0.295 0.496 0.031 0.083 0.022 0.705 0.762 
         
pH * [K] interaction        
Estimate2   3.36 -0.007 -0.004 -0.006 0.29 10.1 -169 
LS Interaction3 7.15 0.055 0.020 0.032 0.981 54.53 713 
P value  0.293 0.758 0.667 0.663 0.506 0.668 0.582 
[K]1: potassium concentration; Estimate2: (treat mean 1 – treat mean 2) - (treat mean 3 – treat mean 4); 
LSInteraction3: Least significant interaction.Total VFA are expressed in mmol/L; acetic, propionic and butyric 
acids are expressed as mol/mol total VFA; A/P = ratio of acetate to propionate; NH3-N is expressed in mg/L; 
Minerals is expressed in ppm. 
 
5.5 Discussion 
This study was conducted to test the hypothesis that adding an artificial salivary buffer with a 
higher K concentration, imitating that observed in the rumen fluid of high producing dairy cows 
in grazing conditions, could reduce the negative effect of the low rumen pH on fibre degradation 
in in vitro conditions. 
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High K levels have been reported to be necessary for an optimal rumen fermentation (Durand 
& Kawashima, 1980). Removal of K, from the in vitro medium caused partial or complete 
cessation of bacterial growth (Caldwell & Arcand, 1974). Additionally, in the absence of net K 
transport in the cellular membrane the intracellular pH of E. coli cells decreased (Kroll & Booth, 
1983). Potassium transport (H+ - K ATPases pump) through the cell membranes helps to 
regulate the internal pH of bacteria (Booth, 1985) and maintain cell growth and activity. 
In E. coli an effective exchange of intracellular H+ for external K elevates the internal pH and 
contributes towards a decline in extra cellular pH (Booth, 1985; Kroll & Booth, 1981). 
However, in this experiment increasing the concentration of K to three times that of traditional 
saliva buffer, did not have a significant effect on fibre degradation or rumen pH in the 6h period 
after feeding. 
High K concentration buffers caused a slight decrease in NDF content (P > 0.05) in fermenter 
vessels and effluents 6h post feeding (34% vs. 32.4%, Table 5.5; 29.2% vs. 28.6%, Table 5.6, 
respectively). Similar results were obtained by Hubbert et al. (1958), who reported a higher 
(35% vs. 38%) in vitro cellulose digestion when K infusion was increased from 0.5 to 1mg/ml 
in a K free medium. However, the authors reported a much higher in vitro cellulose digestion 
(51.8%) when rumen fluid was added to the in vitro system. This agrees with the observation 
made by Warner (1956), who described an intensification of rumen microbial activity when the 
in vitro medium used had a similar composition to the rumen fluid. 
A decrease of fibre degradation, 6h post feeding, occurred when rumen pH was maintained 
between 5.5 and 5.8; where the neutral and acid detergent fibre degradation were reduced by 
18% (P < 0.01) and 28% (P < 0.001), respectively. This result agrees with the observations 
made by de Veth and Kolver (1999), who reported an in vitro reduction of pasture NDF 
digestibility of 11% when rumen pH was decreased from 6.6 to 5.4. A higher reduction of 
pasture NDF digestion (14%) was described by de Veth and Kolver (2001a) when the mean 
rumen pH of an in vitro system was 5.4. Furthermore, similar results were reported by Wales 
et al. (2004), where pasture NDF digestion decreased by 14% when rumen pH was kept at pH 
5.6 compared with 6.1. 
A marked diurnal variation in rumen pH has been described in dairy cows grazing high quality 
pasture; sometimes with values lower than those previously assumed for optimal digestion 
(Gibbs & Laporte, 2009; Kolver, 1998). de Veth and Kolver (2001b), studied the effect of the 
diurnal rumen pH on fibre digestion. Neutral detergent fibre digestion was reduced by 4% and 
8.6% when the continuous culture fermenters were kept for 4 and 12h a day at suboptimal pH 
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(5.4). Additionally to this, Wales et al. (2004) described a higher reduction of NDF digestion 
(12%) when rumen pH was allowed to fluctuate close to 5.6 compared with a constant pH of 
5.6. 
In 1980, Russell & Dombrowski stated that cellulolytic microorganisms are less tolerant to 
lower rumen pH compared to other microorganisms. Their growth is affected and consequently 
fibre digestion declines. Stewart (1977) observed that the number of cellulolytic degrading 
bacteria at pH 6.9 were 106/ml compared to103/ml at pH 6.0. Later on, Mould et al. (1983), 
suggested a threshold of pH 6.0 - 6.1 to maintain the activity of rumen cellulolytic 
microorganisms in roughages diets supplemented with rapidly fermentable carbohydrates. 
Under this threshold the authors observed that fibre digestion was inhibited. Similar results 
were also found by Shriver et al. (1986). However, de Veth and Kolver (2001b) using high 
quality pasture reported a reduction of microbial growth when the suboptimal rumen pH (pH 
5.4) was kept for a 12h period, however NDF digestion was still relatively high (67.4%). 
As a consequence of the reduction of NDF degradation at the low rumen pH, total VFA 
concentration was reduced, mainly as a result of the significant decrease of acetic acid content 
in fermenter vessels and effluent (P < 0.01 and P < 0.05, respectively. Table 5.9 and Table 
5.10). On the other hand, butyric acid increased significantly at low rumen pH (P < 0.01 and P 
< 0.001, respectively). Similar results were reported by Shriver et al. (1986); de Veth and 
Kolver (2001a); Calsamiglia et al. (2002) and Cerrato-Sanchez et al. (2007) even though pasture 
was not the sole diet in all instances. Furthermore, Satter and Esdale (1968) suggested that at 
low rumen pH (higher H+ concentration) there is a shift in VFA production to a more reduced 
end product. When lactate is oxidised to pyruvic acid, two hydrogen atoms are generated, and 
a shift from acetic acid to butyric acid production may occur with butyric acid acting as an 
electron sink. 
As was expected, mineral concentration of the modified, artificial salivary buffer was increased 
(P < 0.001, Table 5.9) due to the increase of K in the salivary buffer. But the unexpected 11% 
increase of mineral concentration at high pH was the result of higher levels Na (P < 0.01) and 
P (P < 0.001) and in the rumen fluid at high pH (Appendix - Table B. 1). 
Ammonia nitrogen was also reduced at low rumen pH, but no significant differences were found 
between low and high pH. In addition, at low rumen pH there was a reduction of the total N 
concentration in the fermenter vessels and effluents (P < 0.05, Table 5.5 and Table 5.6). Similar 
results were obtained by Shriver et al. (1986), who reported a reduction of N digestion of 47% 
when pH changed from 6.6 to 5.8. This may happen as a result of reduced protein release from 
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the ruptured plant cells. Approximately 70% of forage CP (cytoplasmic and chloroplastic 
proteins, mixture of protein from chloroplasts and nuclear and mitochondrial membranes) is 
released from the ruptured plant cells (Kolver, 1998; Waghorn et al., 2007). On the other hand, 
Erfle et al. (1982), studied the effect of pH on protein degradation and concluded that a low pH 
(5.0) protease activity is depressed. However, it has been stated that the optimum pH for 
proteolytic activity can range from 5.5 to 7.0 (Blackburn & Hobson, 1960) as different proteases 
have different pH requirements and limitations. 
5.6 Conclusions 
Results of this study demonstrated that high K concentration in artificial salivary buffer and 
consequently in the rumen fluid, did not have a significant effect on fibre degradation in this 
system, either at low or high pH. Furthermore, there were no significant interactions between 
high K concentration and low rumen pH. However, at low rumen pH (5.5 – 5.8) NDF 
degradation of high quality perennial ryegrass (cultivar, Bealey) was reduced by 18%, 6h after 
feeding in in vitro systems. 
A further study, with even higher K concentrations in salivary buffer, given that rumen fluid 
analysis of cohort cows show higher K than achieved in this study (data not displayed), is 
warranted. However, it is important to note a higher K concentration in salivary buffer may 
have a negative effect on rumen osmolarity. In addition, a modification of the method to remove 
the restriction on maintaining a low rumen pH in the period 6h after feeding may better imitate 
the in vivo pH flux observed in Chapter 3, which may be involved in any association of high K 
on fibre degradation at low rumen pH. 
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successive rumen emptyings and in many instances a cut and carry procedure for feeding 
pasture. Furthermore, dual flow continuous fermenters have been used to investigate diurnal 
variations of rumen pH on fibre digestion in in vitro systems (de Veth & Kolver, 2001b). 
There is evidence from beef heifers allocated wheat pastures, that diurnal changes in rumen 
environment influenced the degradation and apparent disappearance of OM and presumably 
NDF (Gregorini, Gunter, & Beck, 2008). However, the extent to which diurnal patterns of 
pasture intake and the resulting rumen environment may influence fibre degradation has not 
been studied where temperate ryegrass has been grazed for the entire season by high intake, 
spring calving, lactating cows where the 24h allocation of pasture commenced after the pm 
milking. 
Therefore, experiments in this thesis aimed to characterise rumen environment and rumen fill 
of high producing dairy cows grazing high quality pasture, determine rumen DM and NDF 
fluxes, measure NDF degradation in two diurnal periods and assess the effect of low rumen pH 
and high K concentration on fibre degradation in in vitro system. 
A series of three experiments, in vivo, in sacco and in vitro, involving lactating, grazing dairy 
cows and dual flow continuous fermenters, were undertaken in three consecutive years during 
spring, summer and autumn (2009 - 2012) to evaluate the effect of both diurnal cycles and 
seasonal effects on fibre degradation. 
6.2 Rumen changes and fibre degradation 
To characterise diurnal patterns of rumen pH, fermentation end products and rumen fill in 
traditionally grazed South Island dairy cows, and the concomitant fibre disappearance rates, an 
intensive field experiment was carried out in the 2009 – 2010 lactation and in the spring of the 
2010 -2011 lactation (Chapter 3). Rumen evacuations, 24h rumen sampling and a liquid phase 
marker were used to assess rumen function and diurnal fibre degradation in typical grazing 
conditions. 
It was clear from the results of this study that intake patterns typical of South Island dairy 
systems were the driver for distinct sub-diurnal periods of rumen activity (Chapter 3). The 
principal parameters of rumen function – pH, VFA concentrations, NH3 concentration– showed 
a decline (pH) or rise post prandially, to levels similar to or above that observed in previous 
pastures studies (Beever et al., 1985). This pattern was conserved between seasons, although 
there were baseline differences between seasons, further indicating stability of these patterns. 
The same drivers appeared to alter both faeces and urine measured parameters across the diurnal 
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cycle (Figure 3.9 and 3.10), which is further evidence of the magnitude of these rumen changes, 
and there was also evidence for sub-diurnal variation in rumen fluid fractional disappearance 
rate (Figure 3.6), which was seen most clearly in spring. 
This work demonstrated clearly the existence of ‘active’ (low rumen pH and high concentration 
of rumen metabolites) and ‘less active’ (high rumen pH and low concentration of rumen 
metabolites) sub-diurnal periods in dairy cows grazed under this system. The available literature 
around fibre degradation would then suggest that these active periods are most likely to be 
associated with reduced fibre digestion rate (Bergen, 1972; de Veth & Kolver, 2001b). Given 
the clear differences between seasons (Figure 3.5), it would also be reasonable to expect 
changes in fibre degradation between these. 
Rumen evacuations (in vivo technique) enabled fibre disappearance and clearance rate to be 
estimated from the entire rumen DM pool, on the basis of evidence for a markedly reduced 
intake at certain diurnal windows even in unrestricted grazing cows in this system. 
Traditionally, periods of fasting have been used between successive rumen emptyings reducing 
the need to use markers to identify either the initial rumen pool and/or any additional intake 
over the period when disappearance was calculated (Gregorini, Gunter, Beck, et al., 2008; 
Taweel, 2004; Taweel et al., 2005a). However, in Chapter 3, experiment two there was evidence 
that feed denial between rumen evacuations in diurnal windows where grazing was otherwise 
typical influenced rumen environment (Table 3.15 and Table 3.11) thereby potentially 
influencing fibre degradation. 
A non-restricted grazing system between rumen evacuations was used to ensure that the rumen 
environmental conditions against which fibre degradability was assessed were similar to those 
of non fistulated grazing cows. Rumen evacuations were carried out every 16h to minimise any 
potential negative effects of short intervals between consecutive rumen evacuations on rumen 
microbes and normal rumen function. However, calculations of fibre degradation were 
undertaken every 8h (Section 3.2.5) by assuming pasture allocation and grazing conditions were 
similar, by strict management, throughout the experimental period. This procedure permitted, 
with definable limitations, some assessment of in vivo rumen environment on apparent fibre 
disappearance and clearance rate in periods within a day and among seasons with as little 
interference as possible with normal grazing behaviour. As a consequence the effects of the 
“real” rumen environment on fibre disappearance of lactating cows grazing temperate pasture 
were investigated in concert with rumen environment quantification across the diurnal cycle, 
and then between seasons. 
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Rumen evacuations in non-restricted grazing cows revealed a clear diurnal pattern of rumen fill 
among seasons (Table 3.2) with the highest rumen fill approximately 8h after the new daily 
pasture allocation. Similar diurnal patterns of rumen fill in cattle and sheep in grazing 
conditions have been described previously (Gregorini, Gunter, & Beck, 2008; Taweel et al., 
2004; Thomson et al., 1985). Furthermore, mean rumen DM and NDF pool sizes (g/kg BW) 
reported were similar to those calculated from previous studies that used either grazing lactating 
cows with overnight starvation (Chilibroste et al., 1997), or cut and carry protocols with some 
concentrate supplementation (Taweel, 2004). This gave confidence in the approach taken in 
this study. 
Apparent fibre disappearance between two successive rumen emptyings was estimated in the 
period (0100 to 0900h) when it could be reasonably assumed from the previous high rumen fill 
and existing grazing behaviour studies that intake was markedly reduced, rumen pH was low 
but increasing and concentration of metabolites high and declining (Table 3.13). This period 
was then considered to hold an ‘active’ rumen sub-diurnal period and, therefore, was available 
for use in comparing between seasons. 
Unexpectedly, apparent NDF disappearance was similar in spring and autumn cows in spite of 
the differences in pasture composition (Table 3.1) and the lower rumen pH in spring cows (5.5 
vs. 5.9, respectively). Apparent fibre disappearance in summer however was lower than in 
autumn, even though pasture composition was similar, especially NDF, in both seasons. 
It is possible that an increased number of cows, with the additional resources required for 
sample collection and analyses, would have increased the chance of identifying the impact of 
specific rumen fermentation end products on fibre degradation in experiment one where three 
cows, three seasons and one period were used (Figure 3.8). It is worth noting that the standard 
errors of those parameters recorded were low, therefore this is not automatically the case. 
However, in Chapter 4, the in sacco fibre disappearance method, with a greater specificity, 
revealed relationships with rumen pH, NH3-N and osmolarity (Table 4.10), despite the 
proportion of the total variability explained being very low. This suggests that the in vivo 
relationship of rumen function and fibre degradation is clearly more complicated than simple 
assessment of individual parameters can elucidate.  
High rumen fluid fractional disappearance rates were estimated in each season (Figure 3.6) and 
were higher than values reported by Berzaghi et al. (1996) on lactating grazing dairy cows in 
summer pastures or on fresh cut grass in summer and autumn (van Vuuren et al., 1992). This is 
the first such report of disappearance rates of this magnitude in grazing cows, and is an example 
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of the extreme rumen environment changes associated with high intakes of highly managed 
pastures (Table 3.1). Such high fluid passage rates may cause greater washout of small particles 
(both pdNDF and iNDF) from the rumen to the lower GI tract, which may contribute to 
important differences from other grazing dairy production systems reported on. This increased 
transport of potentially degradable material to the lower GI is also is responsible for the faecal 
parameter changes across the diurnal period (Figure 3.9). 
Overall, estimations of fibre disappearance by this method (rumen evacuation technique with 
unrestricted grazing at windows of identified minimal grazing) suggested that fibre degradation 
was not strongly affected by the in vivo rumen environment, although there was a trend to that 
effect, and despite the obvious extremes of pH and fermentation products and metabolites 
across that diurnal period. This is an indication, perhaps, of the complexity and plasticity of 
rumen function in this environment. However, two periods with the greatest contrast in the 
rumen environment in this grazing system were identified and a more detailed study where 
replicate standard feed samples were incubated in these periods was undertaken Chapter 4. 
6.3 Rumen environment and fibre degradation 
The in sacco technique is the most common used for measuring the amount of incubated fibre 
which disappears from nylon bags. However no reports on the use of this technique to measure 
the effects of diurnal variations of rumen environment on fibre degradation could be found. 
In Chapter 4 high quality perennial ryegrass (cultivar Bealey) and hay (low quality standard) 
were incubated in the rumen of grazing dairy cows at two different times (PM and AM) to 
assess the effect of in vivo rumen diurnal variation on in sacco fibre degradation. Incubation 
periods each of 6h, were identified from experiment one (Chapter 3; Figure 3.5) with either a 
low rumen pH and high concentration of rumen metabolites or a high rumen pH and low 
concentration of rumen metabolites. Control samples of high quality frozen minced grass (MG) 
and low quality hay (H) were incubated in both PM and AM periods. In addition fresh chopped 
grass samples harvested to different mass levels, (identified as FGpm (from 3000 to 
1800kgDM/ha) and FGam (from 1800 to 1500kgDM/ha)) were incubated in the PM and AM 
period, respectively. 
This study observed a higher DM and fibre disappearance of both MG and H in the AM period; 
indicating that DM and fibre degradation for both high and low quality control feeds were 
affected by the diurnal variation of rumen environment (Table 4.3; Table 4.4). However, DM 
disappearance of FGpm was higher than FGam possibly because FGpm with a greater 
proportion of leaf was better quality than the FGam (Table 3.1). But, in spite of the differences 
 148 
in the quality/composition of the incubated FG a similar fibre disappearance occurred in both 
periods, suggesting that FGam fibre disappearance was enhanced by the diurnal variations in 
rumen environment (Table 4.8). 
This work demonstrated that fibre degradation had a positive but weak correlation with rumen 
pH and a negative but weak correlation with osmolarity and NH3-N (Table 4.10). There was a 
reduced strength of correlation with VFA concentration, demonstrating again that pH and VFA 
are not tightly associated  in pasture fed rumens (Sun & Gibbs, 2012), and very low correlation 
with minerals. This was true in the same broad fashion for both the MG and H, giving 
confidence that the effect was consistent between control feeds. The absence of any single or 
clustered parameter being observed to be highly correlated with fibre degradation in this study, 
or in the broader literature, while there was observed a clear effect of ‘active’ rumen 
environment on in sacco fibre degradation (Table 4.4), again speaks of the complexity and 
plasticity of the rumen. This is an important finding of this study, and will direct future research 
in this area. 
It is notable that the pdNDF content of the MG used in this study was very high (Table 4.5), 
and as this pasture was typical of the highly managed pastures of this region, the degradation 
rate observed in this study is likely to be a benchmark for further work, and it was consistent 
with previous northern NZ work in the field (Sun et al., 2010). It is likely that the indigestible 
fraction of NDF in South Island dairy pastures is lower than in other pasture systems reported. 
For example, iNDF concentrations in this study (1.5 to 4.5% in Chapter 4) are lower than the 
fraction reported by van Vuuren et al. (1992) (6.5 – 10.5%) although detail of the pasture 
management and therefore stage of maturity is not always available in other studies. 
This introduces the growing convention of ascribing ‘hard’ (lower degradability with higher 
content of iNDF) and or ‘soft’ (higher degradability and lower content of iNDF) NDF to forages 
for this reason. More degradable NDF content may have two implications. It may limit the 
reduction in cellulolytic community function by remaining sufficiently degradable that even 
sub-optimal conditions resulted in acceptable rates. However, as discussed in 6.2, it is also 
possible that the highly degradable NDF, which will likely be rapidly reduced to smaller particle 
sizes, when present with the very high passage rates observed in these study cows (discussed 
above) will be washed out without full degradation.  There is a suggestion of this in the evidence 
presented for a diurnal faecal pH and VFA flux in these study cows in close synchrony to that 
of the rumen, on a consistent lag (Figure 3.9). This study did not attempt to estimate non-
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degraded rumen losses of NDF, but any future work extending the approaches taken in this 
thesis would be aided by this information.  
As discussed earlier, under grazing conditions, dairy cows have shown pronounced diurnal 
patterns of rumen environment where for extended periods rumen pH is lower than the threshold 
currently assumed for optimal fibre disappearance (de Veth & Kolver, 1999). This should 
reduce total digestibility and energy transfer from the diet, and also by extension reduce intake. 
However, maintaining effective rumen degradation during the complex diurnal changes in 
rumen environment observed would be possible if the microbial communities were sufficiently 
plastic to survive extreme, transient environments, perhaps by quiescence, and then rapidly 
return to higher functioning when conditions suited this. It is also reasonable to posit that the 
effect of rumen changes within routine physiological ranges is more likely to be dynamically 
increasing or decreasing, rather than a binary stop: start. This would require some adaptation in 
the microbial ecosystem function, and there is some clear evidence for this approach in pasture 
based rumen microbial community function. A recent study of rumen methanogens in South 
Island dairy cows observed to have similar strongly diurnal patterns of rumen environmental 
changes suggested the population remained stable while activity levels exponentially changed 
(Benepal, 2012).  
It is possible a similar mechanism is operating with cellulolytic communities, adapted to the 
rumen diurnal patterns of metabolite concentration, pH and osmolarity flux. The advantage to 
the grazing cow of such an approach would be the capacity to ‘load’ the rumen when pasture is 
available but access is competitive, maintain a viable rumen community throughout the 
subsequent metabolite and physico-chemical shifts this results in, then return to appropriate 
function at periods when grazing is limited without excessive penalty. The trend toward fibre 
degradation rate reduction in Chapter 3 and the significant reduction observed in nylon bag 
experiments of Chapter 4 do seem to suggest there is less cellulolytic activity in periods of high 
rumen ‘activity’. However, in reality there also appears to be some correction of this tendency 
in the dynamic rumen ecosystem present in these cows, as this impact was not great enough to 
reach significance between rumens (seasons) of obvious differences in environment – pH for 
example. One feature of South Island rumen environment that may be involved in this is K 
concentration, which was identified as a peculiarity of grass based rumens here (Table 5.3) and 
in previous work (Trotter, 2012; Warner & Stacy, 1965). 
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6.4 Microbial mechanisms of optimising diurnal function 
There are many potential mitigation strategies that could be employed in rumen physiology and 
microbiology. One of these that has been demonstrated to operate in other microbial 
communities in a similar fashion is K loading to protect against H excess. Temperate pasture 
based grazing systems generally supply high concentrations of K that are mirrored in the rumen 
environment as has been shown in other forages (Mayland & Lesperance, 1977). Such 
concentrations have been suggested to confer protection (e.g. H+/K+ exchange to ameliorate 
impacts of low pH) to some populations (Dawson & Boling, 1987) of microbes. Further, it has 
been reported that some microbes, for example E. coli, use K for protection from low external 
pH (Booth, 1985; Kroll & Booth, 1981). 
Potassium was also reported to have stimulated in vitro cellulose digestion (Durand & 
Kawashima, 1980; Hubbert et al., 1958), and increased rumen microbial activity in in vitro 
conditions when the medium used had a similar composition to rumen fluid (Warner, 1956). As 
K concentrations are high in NZ pastures (Knowles & Grace, 2014) this was considered as a 
possible mechanism that broadly maintained microbial populations or activity in periods when 
the rumen environment was considered sub optimal for fibre degradation, therefore allowing a 
quick return to normal function. In Chapter 5, the potential for microbes to use K to buffer the 
negative effects on fibre degradation in periods of low rumen pH, as has been detected in the 
diurnal pattern of the rumen environment in Chapter 3 & 4, was tested. The advantage of in 
vitro assessment of fibre degradation is the specificity and precision that can be achieved in this 
highly standardised environment. The disadvantage is that the complex dynamism of the rumen 
discussed in 6.2 and 6.3 is lost in this environment. 
However, high K concentration in artificial salivary buffer, neither improved nor minimized 
the negative effect of low rumen pH on fibre degradation in a 6h period after feeding. While 
there clearly may be other undescribed mechanisms, this does suggest that in the cows of this 
study the rumen microbial communities were not as sensitive to pH as some previously reported 
in vitro studies indicate. For example, it is possible that the prolonged daily period of low rumen 
pH used in this study (24h), compared with the shorter periods observed during the diurnal 
variation found in ‘real’ grazing rumens in this study (<12h), influenced the result. This is 
broadly consistent with de Veth and Kolver (2001b), who observed a reduction in the in vitro 
digestion of DM, OM and NDF occurred when a suboptimal rumen (pH 5.4) was maintained 
for even 4h of the day, but was increased with increasing daily periods of low pH. 
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It is also worth noting when evaluating the findings of Chapter 5 the limitation that the in vivo 
rumen environment was observed to have key differences from the in vitro rumen that could 
not be mitigated, particularly the fluid passage rate. The in sacco work demonstrated a clear 
effect of rumen environment on the standard feeds incubated, suggesting that environments of 
low rumen pH and high concentration of rumen fermentation end products reduce optimal 
cellulolytic function. However, the in vivo results were not as clearly demarcated, and across 
the industry dairy cows in the South Island production systems with once a day pasture 
allocation protocol do seem to be adapted to this rumen diurnal variation, as evidenced by the 
consistently high milk production, generally good reproductive performance and low rates of 
animal health events typical of the system (Gibbs & Laporte-Uribe, 2009). One other 
uncertainty impinging on any explanation for the apparent resistance of in vivo rumen function 
compared with in vitro environments of similarly low pH and high metabolite concentration is 
the faster fluid rate reported previously (Figure 3.6). It is well documented that increased fluid 
passage rates improve microbial protein synthesis efficiency by reducing N recycling via 
microbial death (Thomas, 1973). It is unknown whether the effect of the high concentration of 
K in rumen fluid may have a synergistic role with high fluid passage rates. This would provide 
an explanation for the discrepancy between in sacco and in vivo fibre degradation observed, in 
spite of no effect of high K concentration in in vitro conditions. 
6.5 Limitations and further studies 
This thesis was a series of experiments using three very different methodologies of increasing 
specificity, and in each case employing a novel modification of the approach. This strategy 
enabled a robust and previously unreported assessment of NDF degradation in grazing cows, 
and an evaluation of the most important influences on that. 
However, it is important to understand the limitations of the methods used in this study. It must 
be stated that with no grazing behaviour or intake measures in the interval period where fibre 
degradation and passage were quantified by the rumen evacuation technique (0100 -0900h), it 
is a limitation of the method that the contribution of any grazing to the rumen pool and 
environment was not assessed. However, it was comprehensively discussed in 3.4 and 6.2 that 
there are a number of viable mitigants that give confidence to the use of this approach. 
Nevertheless, an underestimation of fibre disappearance in the non-restricted animals may have 
occurred. Future studies may expand this approach to the use of solid fraction markers – Yb 
mordanted pasture samples for example – to part remedy this. Additional research by 
observations of grazing behaviour in conjunction with rumen evacuations would also help to 
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estimate sub-diurnal period intakes and thereby perhaps explain differences in NDF 
disappearance between summer and autumn. 
In addition, estimations of liquid and fluid passage rates using the double marker technique in 
rumen and duodenally fistulated cows are required to better understand fibre degradation in 
high quality pastures, particularly the non-degraded fraction of NDF that escapes the rumen and 
part of which is digested in the lower GI tract, as evidenced by the faecal diurnal changes.  
Estimation of how the pdNDF intake alters seasonally, and how this influences grazing 
strategies in different seasons, might assist developing new grazing management and 
supplementation systems.  
Using the in sacco study there is an opportunity to investigate the effect of spring rumen 
variation on autumn grass as autumn NDF disappearance did not differ significantly from that 
in spring. Also, it would be interesting to investigate the effect of the PM rumen environment 
on pasture samples that are equivalent to the AM grazing allocation (low quality pasture/ 
pasture mass from 1800 to 1500kgDM/ha) and high quality pasture (pasture mass from 3000 to 
1800kgDM/ha) in a rumen environment with high pH and low concentration of fermentation 
end products commonly encountered in the AM period. 
Further research in in vitro systems could include the use of a faster liquid passage rate, higher 
K concentration in salivary buffer, modifications of the upper osmolarity boundary, and 
variations in the duration of the low rumen pH treatment as described by de Veth and Kolver 
(2001b). 
 
This is the first study to investigate fibre degradation (in situ) in contrasting rumen 
environments in grazing dairy cows. This study provides new knowledge on rumen function in 
grazing animals. The results show that in grazing dairy cows in the South Island system, rumen 
function is more variable than previously reported and fibre digestion is different to previous 
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     Appendix A 
 
A.1 Tables for the seasonal diurnal pattern of rumen fill and rumen function 
experiment 
Table A. 1. The mean concentration of major minerals in the rumen fluid of grazing dairy cows in a 
24 hours period in spring, summer and autumn. 
Minerals (mg/l) Spring   Summer   Autumn 
Ca 179 (± 38)  117 (± 62)  75 (± 36) 
K 2057 (± 268)  1557 (± 448)  1798 (± 492) 
Mg 61 (± 4)  48 (± 10)  56 (± 35) 
Na 1882 (± 163)  2069 (± 282)  1928 (± 398) 
P 262 (± 29)   250 (± 44)   310 (±65) 
Ca, calcium; K, potassium; Mg, magnesium; Na, sodium; P, phosphorous. 
 
Table A. 2. Faecal pH, total volatile fatty acid, ammonia nitrogen, mineral concentration and osmolarity 
of samples taken every two hours in grazing dairy cows in spring, summer and autumn. 
 pH Total VFA NH3-N Minerals Osmolarity 
1700h      
Spring 6.34 49.2 70.2 206.9 142.7 
Summer 6.49 39.3 87.3 212.9 147.0 
Autumn 6.65 33.6 73.1 182.3 120.9 
LSD (5%) 0.19 12.30 19.02 42.02 47.37 
P value 0.030 0.058 0.130 0.218 0.359 
1900h      
Spring 6.34 62.5 75.0 192.6 151.7 
Summer 6.54 38.6 66.2 227.1 149.7 
Autumn 6.67 36.6 90.6 198.9 126.7 
LSD (5%) 0.20 16.78 39.62 54.51 20.15 
P value 0.023 0.022 0.327 0.285 0.046 
2100h      
Spring 6.37 49.7 74.0 214.3 151.0 
Summer 6.67 39.7 62.5 111.8 132.0 
Autumn 6.71 32.7 78.6 208.0 149.2 
LSD (5%) 0.26 20.49 27.53 35.54 37.30 
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2300h 
Spring 6.29 56.9 68.2 147.7 164.4 
Summer 6.67 33.0 66.5 233.1 141.3 
Autumn 6.71 27.6 51.8 189.9 114.7 
LSD (5%) 0.24 19.14 27.07 46.21 14.71 
P value 0.016 0.027 0.289 0.017 0.002 
0100h      
Spring 6.23 56.7 86.7 220.7 155.0 
Summer 6.81 28.9 64.3 222.5 135.0 
Autumn 6.84 27.6 63.0 173.6 112.7 
LSD (5%) 0.43 22.29 47.42 48.34 39.15 
P value 0.030 0.037 0.386 0.080 0.094 
0300h      
Spring 6.18 58.0 86.5 208.5 158.9 
Summer 7.22 28.7 57.2 197.2 144.0 
Autumn 6.88 23.5 58.1 168.1 106.7 
LSD (5%) 0.42 14.51 52.33 55.03 28.66 
P value 0.006 0.005 0.315 0.226 0.016 
0500h      
Spring 6.23 54.5 78.7 218.9 164.0 
Summer 7.00 32.2 62.5 214.8 146.0 
Autumn 6.97 25.9 48.3 174.0 106.0 
LSD (5%) 0.14 27.91 39.47 41.23 31.15 
P value <0.001 0.095 0.218 0.069 0.016 
0700h      
Spring 6.34 54.5 69.8 224.4 165.3 
Summer 6.89 37.0 49.4 224.1 145.7 
Autumn 6.90 25.4 42.5 164.4 125.0 
LSD (5%) 0.31 17.49 32.89 29.16 25.91 
P value 0.011 0.024 0.169 0.007 0.031 
0900h      
Spring 6.37 52.2 72.5 199.2 152.0 
Summer 6.74 35.1 54.5 224.1 130.0 
Autumn 6.86 35.2 54.8 180.6 125.3 
LSD (5%) 0.26 21.56 27.71 43.18 32.17 
P value 0.013 0.147 0.234 0.113 0.159 
1100h      
Spring 6.42 53.8 78.2 202.7 153.3 
Summer 6.70 43.8 63.2 222.6 146.3 
Autumn 6.72 26.2 54.8 176.7 116.3 
LSD (5%) 0.17 17.19 19.06 30.28 32.82 
P value 0.014 0.027 0.063 0.034 0.084 
1300h      
Spring 6.42 50.7 81.8 197.1 159.7 
Summer 6.59 39.9 88.1 225.6 159.7 
Autumn 6.86 26.8 76.4 166.6 124.9 
s.e.m 0.09 3.02 8.95 12.74 9.08 
LSD (5%) 0.36 11.85 35.13 50.03 36.65 
P value  0.068 0.013 0.678 0.074 0.085 
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1500h      
Spring 6.50 54.6 98.8 220.9 162.8 
Summer 6.56 42.2 78.4 227.3 148.3 
Autumn 6.69 35.8 81.3 175.7 134.7 
LSD (5%) 0.34 17.41 26.25 40.23 27.19 
P value 0.385 0.090 0.179 0.044 0.107 
 
Table A. 3. Urine pH, ammonia nitrogen and total nitrogen concentration of samples taken every two 
hours in grazing dairy cows in spring, summer and autumn. 
 pH NH3-N Total N 
1700h    
Spring 7.74 44.2 0.476 
Summer 7.26 53.4 0.633 
Autumn 7.90 42.8 0.777 
LSD (5%) 0.60 38.30 0.363 
P value 0.089 0.725 0.185 
1900h    
Spring 7.56 91 0.620 
Summer 6.34 152 0.904 
Autumn 7.09 21 0.969 
LSD (5%) 0.79 125.8 0.461 
P value 0.031 0.105 0.197 
2100h    
Spring 6.64 116 0.644 
Summer 5.97 138 0.810 
Autumn 7.84 21 0.499 
LSD (5%) 0.45 98.8 0.310 
P value <0.001 0.061 0.115 
2300h    
Spring 6.23 121 0.659 
Summer 5.59 165 0.662 
Autumn 7.86 14 0.397 
LSD (5%) 0.22 140.4 0.294 
P value <0.001 0.090 0.106 
0100h    
Spring 5.96 115 0.593 
Summer 5.60 119 0.562 
Autumn 8.00 8 0.327 
LSD (5%) 0.36 94.2 0.280 
P value <0.001 0.051 0.105 
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0300h    
Spring 5.65 167 0.679 
Summer 5.81 138 0.585 
Autumn 8.02 8 0.405 
LSD (5%) 0.38 146.8 0.344 
P value <0.001 0.078 0.194 
0500h    
Spring 6.01 161 0.644 
Summer 6.00 158 0.560 
Autumn 8.35 15 0.487 
s.e.m 0.20 47.1 0.081 
LSD (5%) 0.77 185.1 0.317 
P value 0.002 0.151 0.460 
0700h    
Spring 6.53 117 0.600 
Summer 5.62 182 0.639 
Autumn 8.06 14 0.634 
LSD (5%) 0.87 182.8 0.208 
0900h    
Spring 7.62 52 0.534 
Summer 6.92 87 0.685 
Autumn 7.96 22 0.498 
LSD (5%) 0.761 68.8 0.122 
P value 0.044 0.134 0.027 
1100h    
Spring 7.33 88.7 0.574 
Summer 7.19 75.0 0.773 
Autumn 8.01 27.3 0.417 
LSD (5%) 0.66 21.34 0.208 
P value 0.051 0.003 0.023 
1300h    
Spring 7.30 86 0.548 
Summer 6.78 71 0.739 
Autumn 7.92 20 0.539 
LSD (5%) 0.96 71.9 0.311 
P value  0.073 0.129 0.247 
1500h    
Spring 7.50 47.0 0.356 
Summer 7.27 36.8 0.521 
Autumn 8.00 22.2 0.580 
LSD (5%) 0.88 23.38 0.368 
P value 0.178 0.098 0.322 
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     Appendix B  
 
B.1 Table for experiment of the effects of low rumen pH and high potassium 
concentration on fibre digestion in a dual flow continuous system 
Table B. 1. The effect of pH and potassium concentration on the concentration of the main mineral of 
the fermenter vessel at six hours post feeding 
  Treatments           
Treat no pH [K]1 Ca K Mg Na P 
1 High High 25.0 1433 30.8 2525 962 
2 Low High 47.0 1363 29.8 1984 898 
3 High Low 21.3 934 25.2 2540 980 
4 Low Low 43.2 944 28.4 2272 885 
s.e.m  5.96 53.9 2.0 80.4 11.7 
LSD (5%)  20.61 186.5 7.0 278.1 40.6 
        
Main effect of pH      
Low pH  45.1 1154 29.1 2128 892 
High pH  23.1 1184 28.0 2532 971 
s.e.m  4.2 38.1 1.4 56.8 8.3 
LSD (5%)  14.6 131.9 4.9 196.7 28.7 
P value  0.010 0.598 0.606 0.002 < 0.001 
        
Main effect of [K]      
Low [K]  32.2 939 26.8 2406 933 
High [K]  36.0 1398 30.3 2254 930 
s.e.m  4.2 38.1 1.4 56.8 8.3 
LSD (5%)  14.6 131.9 4.9 196.7 28.7 
P value  0.55 < 0.001 0.131 0.108 0.84 
       
pH * [K] interaction      
Estimate2   -0.1 80 4.2 273 -29.7 
LS Interaction3 29.2 263.8 9.9 393.3 57.4 
P value   0.991 0.486 0.339 0.141 0.254 
 [K]1: potassium concentration; Estimate2: (treat mean 1 – treat mean 2) - (treat mean 3 – treat mean 4); 




     Appendix C 




Heating apparatus with refluxing condensers to fit beakers 
Solution dispenser delivering 50ml 
Buchner apparatus to filtration at reduced pressure, to fit Gooch crucibles 
Analytical Balance weighing to 1mg 





Disodium-EDTA Dihydrate (technical grade) 
Ammonium Pentaborate Octahydrate (technical grade) 
Sodium Lauryl Sulphate (technical grade) 
Acetone (Lab grade) 
Water (Reverse Osmosis purified or equivalent) 
 








1 L 19g 27g 30g 
5 L 95g 135g 150g 
10 L 190g 270g 300g 
*QS solution to required volume with RO water 
 
Protocol 
 Dispense approximately 1g samples into beakers, recording the sample weights (sW). 
 Dispense samples in duplicate, include one control sample (in duplicate) per run. 
 Add 50ml of detergent solution to each beaker. 
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 Place beakers on heating apparatus and fit condensers. Bring to the boil and reflux for 
1 hour. 
 Pour each sample into a Gooch crucible to collect the fibre residue. Rinse the beaker 
into the crucible with hot water. Drain the detergent to waste, using Buchner apparatus 
to speed filtration. 
 Keep washing the residue with hot water until all the detergent has been removed; 
approximately 6 times. 
 Finally, rinse with acetone. 
 Transfer crucibles to drying oven at 100oC (± 5oC) for 12 hours (overnight). 
 Allow crucibles to cool in a desiccator then weigh, recording the digested weights (dW). 
 Transfer crucibles to the furnace, ash at 500 oC for 2 hours. 
 Allow the samples to cool; transferring to the desiccator once they are cool enough to 




% NDF (as is) = 100 * [(dW-aW) / sW] 
 
% NDF (DM basis) = NDF / (rDM / 100) 
 
Where; rDM = Residual dry matter of the sample (determined on an independent sub-sample 
by standard methods). 
 
 
